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ABSTRACT
To develop an understanding of the physiology which results in postharvest leaf
blackening cut flower Protea species were studied in relation to changes in leaf
carbohydrate metabolism, membrane deterioration, and oxidative enzyme activity.
Rapid development of leaf blackening in the dark was correlated with low starch
and sucrose concentrations. Postharvest decline in leaf carbohydrate status appears to
be associated with inflorescence sink demand. Leaf blackening was reduced in the light
and carbohydrate pools were maintained due to photosynthesis.
In floral stems of P. neriifolia. P. Susannae x compacta and P. eximia (which
have differing susceptibilities to leaf blackening), leaf blackening was highest in P.
eximia and lowest in P. Susannae x compacta. Preharvest sucrose concentrations were
inversely related to leaf blackening; however, preharvest starch concentrations were not
related to leaf blackening.

Low daytime photosynthetic rates and stomatal closure

suggest some Protea species may be CAM plants.

Leaf blackening may be related

more to inflorescence sink demand after harvest than preharvest carbohydrate reserves.
In P. neriifolia. postharvest addition of 0.5% exogenous sugar or decapitation
o f the fiowerhead did not delay leaf blackening. A 24-h 20% sucrose pulse reduced
blackening to that of vegetative stems. Starch concentrations dropped ca. 70% within
24-h o f harvest. Leaves with reduced leaf blackening maintained higher levels of starch
and sucrose early in the postharvest period.

Low levels of lipid peroxidation and

oxidized glutathione concentrations indicated that membrane damage (reduced leaf
antioxidant status) did not precede appearance of blackening symptoms.

Polyphenol oxidase (PPO) and peroxidase (POD) activities in leaves of P.
Susannae x compacta indicated that PPO activity in dark-held stems may not be related
to leaf blackening.

POD and phenolic concentrations related more closely with

appearance o f leaf blackening. Chlorophyll and protein concentrations suggested that
blackening is not related to senescence, but may result from a wounding response.

x

CHAPTER 1

INTRODUCTION

1

The family Proteaceae is predominantly native to Southern Africa and Australia.
Many species o f this family are significant cut flower crops in the United States of
America, Australia, Israel and New Zealand, due to the long shelf life and
attractiveness o f the inflorescences. Development of Protea spp. as cut flowers has
stimulated active research in cultivar selection, development o f cultural practices and
postharvest handling.
A major postharvest problem with some Protea species is leaf blackening (Pauli
et al., 1980; Ferreira, 1983; Brink and de Swardt, 1986; Reid et al., 1989). Although
flowers of Protea neriifolia and Protea eximia can have a vase life o f up to 3 to 4
weeks, quality is often severely diminished long before this time by unattractive
blackening o f the leaves. Leaf blackening usually appears first on the leaf margins, leaf
tips or as discrete spotting. Eventually the whole leaf blade turns completely black, and
at that time the stem is unsalable.
It has been suggested that leaf blackening is caused by oxidation of polyphenols
and leuco-anthocyanins which leak from the vacuole into the cytoplasm (Whitehead and
de Swardt, 1982; Ferreira, 1983; and Reid et al., 1989). The mechanism which causes
rupture o f the cell membranes and subsequent leakage and oxidation of the polyphenols
has not yet been established.

Previous research suggested that depletion of

carbohydrate reserves in source leaves, due to translocation to the inflorescence for
continuation o f development, may lead to degradation of cellular components, and the
onset o f leaf blackening. The purpose o f the research reported in this dissertation was
to investigate carbohydrate metabolism in cut flower Protea stems and to determine

whether the appearance o f leaf blackening symptoms were related to carbohydrate
metabolism and leaf carbohydrate depletion. In addition, measures of membrane
disruption and oxidative enzyme activity during postharvest were examined to further
elucidate the processes o f leaf blackening.

The aim o f these studies was to develop

an understanding o f the physiology which results in leaf blackening, so that methods
o f postharvest care and handling to maximize vase life by delaying leaf blackening
could be developed in the future.
P o sth arv est P ractices.

Protea stems are harvested before full maturity o f all the

florets, to maximize vase life o f the inflorescence. Postharvest care, therefore involves
bringing the flower to full maturity, at the same time as prolonging vase life (Halevy
and M ayak, 1979). The first objective involves promotion of growth processes and the
second involves retardation o f senescence processes. W ater and sugar are provided for
continued, controlled development o f the flower, under environmental conditions (low
tem perature and high humidity) that are assumed optimal for flower longevity and
keeping quality.
Common industry practice involves harvesting Protea spp. early in the morning
(to reduce field heat) and placing flowers immediately in cool storage until grading.
Although there are no set industry standards, flowers are commonly graded according
to stem length and straightness, quality o f the flower, and freedom from blemishes on
both flowers and leaves.

During grading, stems are recut (2 cm) and leaves on the

low er one-third o f the stem removed.

Flow er stems are then placed in a warm water

preservative solution (38-40C) for 3-4 hours at room temperature (LaRue and LaRue,

1986). Addition o f preservatives to a warm water solution enhances water uptake and
promotes the keeping quality o f the flowers (Halevy and M ayak, 1979). The types of
preservatives used vary with flower genus; however, for Protea spp. such preservatives
may include:
1) sucrose to support respiration and continued floral development, usually at
0.5-1% (Brink and de Swardt, 1986),
2) an acidifying agent, such as citric acid, which has the triple effect o f reducing
microbial populations, hindering cell collapse o f the transport vessels and enhancing
water uptake,
3) a biocide, such as sodium hypochlorite (50 ppm ), to restrict microbial
growth which is a major source o f stem blockage (Halevy and Mayak, 1981).
Cut Protea flowers are usually stored with the stems in water under refrigerated
conditions (4-6C) to retard senescence processes and reduce water loss.

Cool room

lighting has been recommended to delay leaf blackening, but is not widely practiced
(LaRue and LaRue, 1986).
C a rb o h y d ra te M etabolism .

Plant growth and maintenance is dependant on

photosynthesis as the source of reduced carbon.

The major processes that influence

growth following C 0 2 fixation include: a) partitioning between nontransport (e.g.
starch) and transport forms (e.g.sucrose), b) compartmentation o f assimilates between
pools, c) translocation o f transport carbohydrates to sinks and their subsequent
utilization (Huber et al., 1985).

Carbon dioxide fixation occurs in the chloroplast via the ribulose-1,5bisphosphate pathway and is regulated at that level by light, availability of
orthophosphate (Pi) transported across the plastid membrane, and export o f triosephosphate (triose-P) to the cytoplasm. In most higher plants, fixed carbon is ultimately
converted into two main carbohydrate products in photosynthetic cells, sucrose and
starch.

Sucrose is the major transport carbohydrate in many plant species and is

exported from photosynthetically active cells to actively growing sink tissue or storage
organs (Turgeon, 1989).

Formation o f starch as a temporary storage pool occurs

during periods o f active photosynthesis and, in most plants, is hydrolyzed to sucrose
during periods o f darkness or high sink demand (Beck and Ziegler, 1989).
Sucrose is synthesized from dihydroxy acetone phosphate (DHAP) components
exported from the chloroplast to the cytoplasm via the triose-P/Pi translocator.
Regulation o f sucrose synthesis requires the coordination o f C 0 2 fixation in the
chloroplast and sucrose formation in the cytoplasm. Sucrose formation is dependant
on availability o f substrate, allosteric regulatory enzymes in the cytoplasm and
assimilate export rate to sink tissue. The major regulatory enzymes associated with
sucrose formation are fructose-1,6-bisphosphate-l, phosphatase (FbPase) and sucrose-Psynthase (SPS) (Huber et al., 1985).
Starch formation in the chloroplast is regulated by the enzyme ADPGpyrophosphorylase and is activated by increased concentrations o f triose-phosphates
(DHAP and 3-PGA) and inactivated by Pi (Beck and Ziegler, 1989). Although starch

mobilization has been shown to proceed in the light, it usually occurs in the dark for
most species.
Carbohydrate metabolism in leaves changes during growth and maturation.
Young leaves are predominantly heterotrophic and are dependant on the import o f
translocated carbohydrates from photosynthetically competent parts o f the plant for
growth. Metabolic features which characterize sink leaves include low rates of carbon
fixation, high respiration rate, decreased ability to synthesize sucrose, and high levels
o f sucrose hydrolyzing enzymes such as invertase and sucrose synthase (Ho, 1988).
The rate o f sucrose importation in actively growing sinks is most likely controlled by
metabolic activity o f the sink cells.
Dicotyledonous leaves make the transition from heterotrophy to autotrophy when
they are about 30-60% fully expanded, coinciding with a net positive accumulation of
carbon (Turgeon, 1989). Transition to source leaf status is characterized by increased
carbon fixation, which is predominantly allocated to transport carbohydrates, and a
decreased respiration rate.

In addition, as leaves mature, activity o f the sucrose

hydrolysing enzymes, acid invertase and sucrose synthase, appears to diminish
substantially in some species (Huber, 1989). Source leaves then become net exporters
o f sucrose and provide substrates for actively growing parts o f the plant such as
developing inflorescences or storage organs.
Although partitioning o f fixed carbon may be genetically controlled, partitioning
may be influenced by the sink-source status of the leaves and the sink strength of other
growing parts o f the plant (Rufty and Huber, 1983). Sink strength may vary within the

plant and may be classified as either utilization or storage sinks (Ho, 1988). For
example, fixed and imported carbon in utilization sink tissue is prim arily used for
respiration and growth, resulting in very little partitioning into storage carbohydrates.
In storage sinks, imported assimilates are stored in the form of sugars (sucrose, glucose
o r fructose), starch, or fructosans depending on the organ or species (Ho, 1988). Fixed
carbon in source tissue may be partitioned into transport carbohydrates for export or
storage reserves.

Sink strength may change during plant development, resulting in

altered partitioning in source tissue. F o r example, reduced sink demand may result in
reduced assimilate export rate from source tissue and a corresponding increase in starch
form ation. Inflorescence development typically has a higher requirement for sugars
than vegetative bud formation, and therefore imposes a high sink demand (Sachs,
1987).
C a rb o h y d ra te M etabolism in P ro tea Species.

L eaf blackening is thought to be

triggered by carbohydrate depletion from the leaves caused by translocation to the
inflorescence sink.

Therefore, investigation o f postharvest treatments designed to

reduce leaf blackening have focussed on providing sufficient substrate for the
continuation o f floral development and maintenance o f healthy foliage. Cut flowers
continue to respire after harvest and require adequate levels o f respiratory substrate to
reach full size and opening (Halevy and Mayak, 1979).
Depletion o f respiratory substrate during the postharvest period has been
recognized as a major cause o f prem ature cut flower senescence (Halevy, 1976). Many
cut flowers follow a climacteric pattern o f respiration (Coorts, 1973), and it has been

suggested that Protea neriifolia follows a typical climacteric pattern o f sharply increased
respiration rate as the flower begins to open, followed by a decline as the flower
matures (Ferriera, 1986). During this period of increased respiration, flowers have a
high requirement for respiratory substrate.
Investigation of the relationship between high respiration rates and leaf
blackening in Protea neriifolia (Ferreira,

1986; Brink and de Swardt, 1986)

demonstrated that at high temperatures (60-65C), respiration rates increased
dramatically in the flower head, particularly in the immature florets. Additionally, leaf
fresh weight declined as leaf blackening increased. These results led Ferreira (1986)
to hypothesize that depletion of respiratory substrate in the leaves, caused by
mobilization to the rapidly respiring inflorescence, was a key factor in the onset of leaf
blackening symptoms. Ferriera (1986) further suggested that cellular components are
hydrolyzed to maintain the supply of substrate to the inflorescence, and that this would
ultimately lead to membrane degradation and oxidation of the polyphenols.
Addition o f sucrose to the vase solution as a possible method for delaying
carbohydrate depletion and subsequent leaf blackening indicated that leaf blackening
was effectively delayed at concentrations of sucrose between 0.2% and 1% (Brink and
de Swardt, 1986). Sucrose concentrations higher than 1 % resulted in water-soaked leaf
margins and enhanced leaf blackening. These symptoms were attributed to the inability
o f the leaf to rapidly translocate high concentrations of sugars to flower heads to avoid
adverse osmotic effects (Halevy, 1976).

Use of labelled 14C-sucrose (1% solution)

demonstrated that sucrose was translocated to the flower head.

The greatest

concentration o f labelled sucrose was found in the immature florets, indicating a high
requirem ent for growth and respiratory substrate.
In additional studies, Reid et al., (1989) investigated the effect o f varying light
conditions, flower head removal and stem girdling immediately below the flower head.
Leaves o f Protea neriifolia and Protea eximia remained green when placed under light
at or above a photosynthetically active radiation (PAR) o f 26 /xmols*m'2- s'1, and
blackened rapidly when placed in the dark at 20C.

L eaf blackening was eliminated

when the flower head was removed or the stem girdled.
Despite evidence that depleted carbohydrate reserves may result in the onset of
leaf blackening, carbohydrate metabolism and partitioning have not been examined
during a typical postharvest period. In addition, mechanisms of membrane degradation
which result in enzymatic oxidation o f polyphenol substrates have not been investigated.
Chapter 2 reports on the influence of light and dark postharvest conditions on
carbohydrate metabolism o f cut stems of Protea neriifolia in relation to the appearance
o f leaf blackening symptoms. The objective o f the study was to correlate the depletion
o f carbohydrate levels in the leaves with the onset of blackening through changes in
soluble and insoluble carbohydrate concentrations. In addition, the relationship between
the capacity o f leaves to actively photosynthesize and contribute to the leaf carbohydrate
pool under lighted postharvest conditions and the onset o f leaf blackening was
examined.
Susceptibility to leaf blackening symptoms may be species- or cultivar-specific
due to heritable characteristics that influence carbohydrate metabolism. For example,

10

cultivars with higher carbohydrate levels prior to harvest may be able to provide
sufficient substrate to support floral development during postharvest and also avoid
development o f leaf blackening symptoms.

Chapter 3 focuses on comparison of

preharvest carbohydrate metabolism and leaf blackening rate on three Protea species
that are considered to be differentially prone to leaf blackening. The sink-source status
o f leaves on floral and vegetative stems was also investigated to assess the total amount
o f stored carbohydrate available to support the inflorescence in each species during
postharvest.
To further investigate the influence o f the inflorescence on depletion o f leaf
carbohydrate and leaf blackening, preharvest carbohydrate metabolism and postharvest
carbohydrate mobilization was studied on cut Protea neriifolia stems with altered sink
demands (Chapter 4). In addition, the question of how depleted leaf carbohydrate status
might lead to membrane disruption was investigated.

M any environmental stresses

imposed on plants lead to reduced antioxidant status and increased free radical attack
on membrane integrity. The hypothesis that carbohydrate depletion may lead to a
metabolic imbalance, resulting in free radical buildup and reduced ability to protect
membranes by free radical scavenging mechanisms, was tested.
The objective o f the final study (Chapter 5) was to relate activities o f the
oxidative enzymes, polyphenol oxidase (PPO) and peroxidase (POD), in Protea with
the onset o f leaf blackening. In addition, changes in total phenolic substrate, protein
and chlorophyll concentrations were examined to determine the relationship between

enzyme-substrate interactions, and the possible involvement of senescence factors in the
leaf blackening process.

12
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Introduction
Many Proteaceous species have become important cut flower crops. A major
postharvest problem o f this genus, in particular Protea neriifolia and P. exim ia. is
premature blackening o f the leaves (Brink and de Swardt, 1986; Ferreira, 1983;
Newman et al., 1989; Pauli et al., 1980). Leaves o f susceptible species begin to turn
black within 3 to 7 days after harvest, severely reducing the market value o f a flower
stem which otherwise has a potential vase life of 3 to 4 weeks.

Leaf blackening

appears to be caused by oxidation of the polyphenols and leuco-anthocyanins
(Whitehead and de Swardt, 1982) that leak into the cytosol from the vacuole after
rupture o f intracellular membranes (Brink and de Swardt, 1986; Ferreira, 1986;
Newman et al., 1989). The physiological mechanisms or stresses that initiate rupture
o f the intercellular membrane and subsequent leaf blackening have not been clearly
established.
However, leaf blackening is known to decrease significantly when the influence
o f the inflorescence sink is eliminated by girdling the stem immediately below the
inflorescence or by removing it (Newman et al., 1989; Pauli et al., 1980). Blackening
is also reduced by lighted postharvest conditions (Newman et al., 1989) and by addition
o f external sugar to the vase solution at concentrations ranging from 0.5 to 1.0% (Brink
and de Swardt, 1986; Ferreira, 1986; Newman et al., 1989).

These observations

suggest that depletion o f carbohydrates from leaves, caused by translocation to the
strong inflorescence sink, may play a role in initiating the cascade o f events which lead
to leaf blackening.
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The inflorescence o f Protea spp. is classified as an involucrate capitulum,
consisting o f multiple individual flowers arising from inside the involucral bracts
(Johnson and Briggs, 1975).

To maximize inflorescence vase life, the Protea

inflorescence is generally harvested when the involucral bracts are beginning to unfold.
A t this stage, many o f the flowers inside the bracts are immature with a high
respiratory requirement to complete development (Ferreira, 1986) and produce nectar.
Thus, the developing inflorescence is probably a very strong sink that cannot be
supported adequately by carbohydrate pools in source leaves and stems of cut flowers
under dark postharvest conditions.
Despite the evidence that depleted carbohydrate reserves may result in the onset
o f leaf blackening, carbohydrate metabolism and partitioning have not been examined
during a typical postharvest period.

Investigation of photosynthetic rates and

partitioning o f soluble and insoluble non-structural carbohydrates in response to altered
floral sink demand may help clarify some of the physiology of leaf blackening. Here
I report on the carbohydrate metabolism of P. neriifolia stems used as cut flowers under
light and dark conditions to determine whether depleted leaf reserves are related to the
onset o f leaf blackening.

In addition, I investigated the effect of an external

carbohydrate source (sucrose) on carbohydrate metabolism and leaf blackening.
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M aterials a n d M ethods
U n cu t V egetative P la n t M ate rial.

To determ ine the typical non-structural

carbohydrate profile o f intact plants, samples were taken from plants o f Protea cv.
’Pink Ice’ grown in a greenhouse (ca. 25C day/12C night), in 19-liter containers filled
with 1 scoria: 1 p eat:l perlite (by volume). Plants were watered weekly and fertilized
with blood meal (12-0-0) and ammonium sulfate (21-0-0) (Hi-Yield Fertilizers,
Voluntary Purchasing Groups Inc., Bonham, Texas).

Based on uniformity, one

vegetative stem was selected on each o f four plants and divided into 10 phyllotactic
division (one division equals one complete spiral o f leaves) beginning at the distal end.
Four leaf punches (0.5 cm diameter) were taken from 4 random ly selected leaves in
each phyllotactic division on the stems and analyzed for soluble and insoluble nonstructural carbohydrates as described below.
P o sth arv est C u t Flow er Stem s.

Flowering P. neriifolia stems were harvested in

Goleta, C alif., during late September, 1989, and air freighted to Baton Rouge, La.
Stems were then recut (1 cm), placed in 1 liter deionized distilled water containing 50
ppm hypochlorite plus 0.0% or 0.5% sucrose (hereafter referred to as 0% and 0.5%
sugar treatments), and the number o f leaves recorded. Vase solutions were changed
every two days to coincide with sampling. L eaf blackening was determined at each
sampling by counting the number o f leaves with 10% or more o f the leaf area
blackened (Reid et al., 1989). Inflorescence diameter was measured to determ ine the
progress o f inflorescence development.

The onset o f senescence was determined

visually, based on browning o f the involucral bracts.
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Stems were analyzed under light and dark postharvest conditions for carbon
exchange rates (CER), assimilate export rate (AER), and leaf carbohydrate composition.
The limited number o f leaves within a phyllotactic division, as well as on the whole
stem o f the commercially harvested stems, precluded sampling on a phyllotactic basis
over the 15-day postharvest period.
D ark an d L ight Experim ents.

Four stems, randomly selected from each sugar

treatment and the control, were placed in growth chamber (Environmental Growth
Chambers, Chagrin Falls, Ohio) at 25C ( ± 1C) in either continuous darkness or a
photosynthetically active radiation (PAR) of 120 /xmols • m"2• s'1 for 12 h each 24-h
interval.

To ensure that removal of leaf disk samples did not confound other

measurements, a non-wounded control was included for each sugar treatment. This
control consisted of a complete replication of stems for which all developmental and
photosynthetic parameters were measured, but no leaf disks were removed.
C arbon Exchange. Net carbon exchange (CO ) was measured on a randomly selected
2

leaf from each stem using a portable infrared gas analyzer (Li-Cor Model Li-6200,
Lincoln, N eb.). Sample leaves were placed in a 0.25-liter cuvette, and air with ca. 350
ppm C 0 2 was passed over the adaxial and abaxial leaf surfaces at a flow rate of 1100
/tm o L s'1. The difference in C 0 2 concentration between air supplied to and exhausted
from the cuvette was measured (mean of two measurements). Net carbon exchange in
the dark experiment was measured as C 0 2 evolution and expressed as milligrams of
C 0 2*dm’2*h‘1. In the light, CER was measured as photosynthetic uptake of CQ , and
2
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expressed as milligrams o f C H ^O 'dm ^-h"1, using the method o f Hesketh and Moss
(1963).
Assim ilate E x p o rt R ate.

Four leaf disks (0.5 cm diameter) were removed from two

sample leaves on each stem at the beginning (T,) and end (T2) of a 5 hr sampling
period. CER was measured on one of the sample leaves midway between T! and T2.
Leaf disks were frozen at -80C, lyophilized, and weighed to calculate the rate of dry
weight change per unit leaf area over the sampling period. AER was then estimated
using the method o f Terry and M ortimer (1972).
C a rb o h y d rate E xtractio n an d Analysis.

Soluble carbohydrates were extracted from

lyophilized leaf disks in a total o f 9 ml 80% ethanol and evaporated to dryness
according to the method o f Robbins and Pharr (1988). The samples were redissolved
in 2 ml 80% ethanol, and soluble carbohydrates per unit leaf area were determined
using high performance liquid chromatography (HPLC) as described by Picha (1985).
Sugars were identified and quantified based on retention times and areas under the peak
for the following sugar standards: 0.4% xylose, 0.1% fructose, 0.1% glucose, 0.2%
sucrose and 0.1 % maltose.
For further analysis o f soluble carbohydrates, the dried samples of HPLC
fractions were made into their alditol acetate derivatives as described by Blakeney et
al. (1983).

Monosaccharide derivatives were then separated on a 25 m 5%

phenylmethylsilicone column (0.2 mm, I.D .) using capillary gas chromatography
conditions as described by Gross (1986). Monosaccharide derivatives were detected by
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gas chromatography/mass spectrophotometry (GC/M S) and the spectra compared with
standards.
The pellet from the soluble carbohydrate ethanolic extraction was used for starch
analysis.

Starch concentrations were determined enzymatically by detecting released

glucose (Robbins and Pharr, 1988).
S tatistical A nalysis. Each data set was analyzed as a repeated measures design with
a one way treatment structure (0.5% sugar or 0% sugar) (Milliken and Johnson, 1984).
M easurements were taken every 2 days over a period o f 7 days in the dark experiment
(by which time all leaves had blackened) and 15 days for the light experiment. Light
and dark experiments could not be compared directly since replicate environmental
growth chambers were unavailable.

Results
There was no wounding response detected on treatment stems compared to the
non-wounded controls in either the light or dark experiments (data not shown).
D a rk Experim ent.

The onset of leaf blackening under continuous darkness at 25C

was rapid (Fig. 1). By day 7 over 94% of the leaves in both treatments had at least
10% leaf area blackened, at which time measurements were discontinued. Addition of
0.5% external sugar did not reduce the extent of leaf blackening (Fig. 1).
Excessive inflorescence expansion (blasting) (Fig.2A) and senescence did not
occur during the 7 day postharvest interval.

There was no significant difference in

flower diameter between the 0% and 0.5% sugar treatments overall (P = 0.10), or on
any day except day 1 (P = 0.03 to 0.54).

The inflorescences in both treatments

remained in good condition throughout the sampling period, although the extent o f leaf
blackening rendered the stems unmarketable.
Starch reserves were similar for the two sugar treatments (P = 0.27) and
remained virtually unchanged during the 5-day interval (Fig. 2B).
Soluble carbohydrate analysis detected fructose, glucose, sucrose and maltose.
Fructose, glucose and maltose were detected in concentrations less than 1.9 mg*dm"2
and are not reported.

Sucrose concentrations changed very little throughout the

sampling period for both sugar treatments (Fig. 2C) and were not significantly different
overall (P = 0.92). The most abundant soluble carbohydrate was an unknown sugar
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Figure 1. Percentage o f leaves with at least 10% blackened leaf area in P. neriifolia cut
flow er stems at 25C. Solid lines represent stems in 0% sugar in vase solution under
continuous dark (0 ), or under 12 hr photoperiod (120 pimol • m'2• s*1) (■ ). The dotted
lines represent stems in 0.5% sugar vase solution under continuous dark ( 0 ) or 12 hr
photoperiod (120 /*mol • m‘2 • s'‘)(0). Vertical lines equal 1 s e (n= 4). Bars smaller than
symbols are not shown.
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that eluted at the same retention time as the xylose standard (MW = 166) during
HPLC. Further analysis by GC/MS demonstrated that the unknown was not xylose,
based on comparison o f mass spectra analysis (Table 1). The anhydro monosaccharide,
1.5-anhydro-D-glucitol (MW = 164) has been found as a major soluble carbohydrate
in P. neriifolia by Plouvier (1964) and Boeyens et al., (1983) and may be the
monosaccharide that chromatographed at the same position as xylose.

However,

positive identification was not be made due to unavailability of a 1,5-anhydro-D-glucitol
standard.

Concentrations of the unknown monosaccharide (reported as xylose

equivalents) (Fig. 2D) were consistently 3 to 4 times higher than sucrose (Fig. 2C)
throughout the experimental period, regardless o f sugar treatment.

The presence of

1.5-anhydro-D-glucitol at approximately three time the concentration of sucrose in P.
neriifolia is consistent with other data (M. Reid, Personal Communication).
The rate o f C 0 2 evolution from leaves was low ( < 1.41 mg C 0 2*dm'2*hr'1)
throughout the 7 day interval indicating low Protea leaf respiration rate as compared
to leaves o f tomato in the dark (Gary, 1989).
L ight E xperim ent. The onset o f leaf blackening was dramatically reduced by a 12-h
photosynthetic light period with a PAR of 120 /xmol • m'2 • s'1 (Fig. 1).

Addition of

0.5% sugar to the vase solution resulted in a maximum leaf blackening o f 2.5 % by day
9, while 0% sugar treatment resulted in a maximum leaf blackening o f 16.5% by day
3. However, this difference was not statistically significant on any day (P — 0.14 to
0.21) or overall (P = 0.18).

25

Table 1. Relative abundance (%) from gas chromatograph/mass spectral analysis o f the
alditol acetate derivatives o f a xylose standard and the unknown monosaccharide from
Protea neriifolia leaves.

Relative Abundance (%)
M ass/Charge

Xylose Standard

Unknown M onosaccharide

126

2

10

145

100

50

171

2

100

187

36

30

199

2

15

217

23

0

242

2

4

259

2

5

290

14

1
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Inflorescence diameter for both sugar treatments was significantly different
overall (P = 0.002) and on all sample days (P = 0.02 to 0.002), except days 0 and 3
(P > 0.1) (Fig. 2E).

Initially, inflorescence diameter increased sharply for both

treatments; however, inflorescences in the 0% sugar treatment continued to expand to
a mean o f 9.3 cm over the 15 day postharvest period.

By day 9, flowers in this

treatment were fully expanded and by day 11 began to senesce. All inflorescences in
this treatment had senesced by day 13. The leaves, however, remained green and in
good condition throughout the 15-day postharvest period. In contrast, inflorescences
in the 0.5% sugar treatment expanded to a mean of only 6.9 cm, and showed no signs
o f senescence during the experiment.
Both CER and AER were similar (P > 0.05) between the 0% and 0.5% sugar
treatments (Table 2). Although low in comparison to many woody fruit crops (Flore
and Lakso, 1990), CER indicated photosynthetic activity in both sugar treatments. The
pattern o f CER and AER was similar throughout the experiment. The percent export
(Table 2) indicated that the majority o f carbon fixed was exported from the leaves for
both sugar treatments, suggesting that CER may be regulated by AER. Highest CER
and AER for the 0% sugar treatment occurred on days 7 and 9. In the 0.5% sugar
treatment highest CER and AER also occurred on days 7 and 9 but were less (ca. 50%
and 27% , respectively) than the 0% sugar treatment.
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Table 2. Carbon exchange rate (CER), assimilate export rate (AER) and % fixed
carbon exported2 (% Export) for leaves of Protea neriifolia under 12 hr photoperiod
(120 /Ltmol • m'2• s '1) with 0% or 0.5% sugar in the vase solution.

0% Sugar_____________
Day

CER
AER
(mg CH20 /d m 2/hr)

% Export

_______ 0.5% Sugar______________
CER
AER
(mg CH20 /d m 2/hr)

% Export

1

0 .4 7 ± 0 .0 5 y 0.45 ± 0 .0 5

96

0 .5 5 + 0 .1 4

0 .5 4 ± 0 .1 4

98

3

0 .8 7 + 0 .4 5

0 .8 6 ± 0 .4 5

99

0 .7 0 ± 0 .2 4

0 .6 9 ± 0 .2 4

99

5

0 .3 5 ± 0 .0 4

0 .3 5 + 0 .0 5 100

0 .3 1 + 0 .0 7

0.31 ± 0 .0 7

100

7

1.73± 0.48

1.72+ 0.48

99

0 .8 6 + 1 9

0 .8 4 ± 0 .1 9

98

9

1.31± 0.33

1.30+ 0.33

99

0 .9 5 ± 0 .4 9

0 .9 5 ± 0 .4 9

100

11

0 .3 4 ± 0 .1 4

0 .3 3 + 0 .1 4

97

0 .7 0 + 0 .4 3

0 .6 9 ± 0 .4 2

99

13

0 .1 8 + 0 .0 4

0 .1 6 + 0 .0 3

89

0.21 ± 0 .0 5

0 .2 0 ± 0 .0 5

95

15

0 .1 1 + 0 .0 7

0 .1 0 + 0 .0 7

91

0.3 0 + 0 .0 5

z% fixed carbon exported = (AER/CER) x 100.
ySE (n = 4 ).

0 .3 0 + 0 .0 5

100
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Starch concentrations between the sugar treatments differed significantly overall
(P = 0.006).

Addition of 0.5% sugar resulted in significantly higher starch

concentrations from day 5 onward (P = 0.05 to 0.003) (Fig. 2F), reaching over 400%
o f the initial concentration. In the 0% sugar treatment, starch concentrations declined
over the first 7 days to a level similar to that measured in the dark experiment. After
day 7, starch concentrations in this treatment increased slightly.
There was no significant difference overall (P = 0.86) between the treatments
for leaf sucrose concentrations (Fig. 2G), which generally increased.
Concentrations of the unknown monosaccharide fluctuated over the experimental
period, and were not affected by the sugar treatment (Fig. 2H). Concentrations of this
monosaccharide in both treatments were higher than sucrose concentrations throughout
the 13 days.
U ncut Vegetative Stems.

The position of the phyllotactic division influenced the

concentration o f the major leaf carbohydrates (Figs. 3 and 4). Starch concentrations
increased basipetally, rising sharply below the fifth phyllotactic division (Fig. 3). In
contrast, the polygalatol concentration was highest in the young leaves, decreasing
linearly as leaves became older (Fig. 4).

Leaf sucrose concentrations remained

generally constant regardless of position (Fig. 4).
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Starch concentrations below the third phyllotactic division in uncut stems were
higher than those measured in leaves of the cut flower stems for both sugar treatments
in the dark and light postharvest experiments (Figs. 2B, 2F and 3).

The unknown

monosaccharide concentrations in the cut stems in the light were similar to
concentrations in the most basipetal phyllotactic divisions on uncut stems (Figs. 2H and
4). However, concentrations of the unknown monosaccharide in both sugar treatments
in darkness were similar to concentrations in the most acropetal phyllotactic divisions
o f uncut vegetative stems (Fig. 2D and 4). Leaf sucrose concentrations of cut flower
stems were higher than those of uncut stems (Figs. 2C, 2G and 4).
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Discussion
Presence o f photosynthetic light during postharvest storage dramatically retarded
Protea neriifolia leaf blackening (Fig. 1).

Photosynthesis supplies the developing

inflorescence with respiratory substrate and carbon skeletons for other metabolites
(Halevy and Mayak, 1979). Lack of respiratory substrate can lead to degradation of
cellular components in floral tissue, including membranes, to fulfill carbohydrate
demand (Coorts, 1973). In cut flower stems of P. neriifolia. carbohydrate reserves in
leaves are probably depleted by the strong inflorescence sink resulting in membrane
degradation, polyphenol leakage and oxidation, and leaf blackening (Brink and de
Swardt, 1986; Newman et al, 1989).

My results demonstrate that leaves in light

actively photosynthesize (Table 2) and contribute to the carbohydrate pool (Figs. 2F and
2G), thus leading to reduced leaf blackening.
Addition o f exogenous sugar to vase solutions for cut flowers can enhance
longevity and quality by improved water status, continued growth, and delayed
climacteric respiration in many species (Halevy and Mayak, 1979). Optimum sugar
concentration varies with species, duration of treatment, and stage o f floral development
(Halevy and Mayak, 1981).

Concentrations in the range of 0.5% to 1% are

recommended for P. neriifolia to enhance inflorescence quality and to reduce the onset
o f leaf blackening (Brink and de Swardt, 1986; Newman et al., 1989). In this study,
a vase solution with 0.5% sugar did not delay leaf blackening in the dark (Fig. 1). A
small, though statistically insignificant reduction is evident in the light experiment (Fig.
1). Possibly, the onset of blackening may have been induced, but not expressed, during
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the two days o f shipping, and was irreversible under dark conditions even with an
external sugar source.

Alternatively, 0.5 % sugar in the vase solution may not have

been sufficient to compensate for carbohydrate demand. Leaves on stems in the light
may have been able to meet carbohydrate requirements from fixed carbon and hence
maintain leaf cell integrity.
Developing flowers compete for carbohydrates and other metabolites (Halevy,
1987). As P. neriifolia inflorescences are harvested before full maturity, demand for
an adequate supply o f assimilates to complete development may continue after harvest.
Our data are consistent with the hypothesis that the inflorescence sink is responsible for
depleting carbohydrate reserves from leaves. In the light experiment without exogenous
sugar, starch concentrations declined over the first 7 days (Fig. 2F), which coincides
with the period of rapid expansion and development o f the inflorescence (Fig. 2E).
Photoassimilates may not have been sufficient to meet demand during this period and
thus, storage reserves were mobilized to support floral development.

The onset o f

floral senescence by day 9 was concurrent with a gradual accumulation of starch in
leaves, suggesting a diminished inflorescence sink demand. Reduced sink demand has
been reported to result in decreased AER and a corresponding increase in starch
concentration (Robbins and Pharr, 1988; Rufty and Huber, 1983). Our results imply
that when inflorescences expand, photoassimilates and storage reserves are partitioned
into transport carbohydrates; under decreased sink demand, AER decreases and
photoassimilate can be partitioned into starch (Table 2 and Fig. 2F).
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In the light experiment with exogenous sugar, leaf carbohydrates status was
luxurious, as evidenced by the large increase in starch concentration (Fig. 2F). Leaves
possibly were able to partition sugar from the vase solution into storage carbohydrates
while maintaining healthy foliage and inflorescence.

Exogenous sugar also appeared

to prevent senescence o f the inflorescence during the postharvest period. Exogenously
supplied sugar has been reported to be incorporated into proteins and carbohydrates in
roses (Sacalis and Chin, 1976). Also, it has been reported that degradation and leakage
o f membranes in ’Mercedes’ rose petals was slowed when stems were treated with 2 %
sugar solution (Goszcynska et al., 1990).
Ferriera (1986) reported that the P. neriifolia inflorescence follows a climacteric
pattern of respiration, which precedes the final stages of senescence (Halevy and
Mayak, 1979). Our data suggest that inflorescences in the light experiment without
exogenous sugar reached a respiratory peak near day 7, and subsequently senesced.
The corresponding peak in leaf CER and AER for that treatment may represent the
response to a rapidly respiring inflorescence (Table 2).
Leaf blackening has reportedly been reduced temporarily through use of
antioxidant

dips

and

low

oxygen

atmosphere

storage

(R.

Jones,

Personal

Communication). It has been suggested that the antioxidant glutathione, which may be
synthesized in the light (Alscher, 1989), could be responsible for the inhibition of the
oxidation processes that lead to leaf blackening. While our study clearly implicates
carbohydrate depletion as the primary stress leading to leaf blackening, the role of light
in promoting antioxidant activity may also be a factor.
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Introduction
Prem ature leaf blackening on many cut flow er Protea species during postharvest
seriously reduces vase life and m arket value.

Blackening symptoms usually appear

within three to seven days after harvest when stems are held under dark conditions.
Initiation o f leaf blackening in P. neriifolia (M cConchie et al., 1991) and P. eximia
(Bieleski et al., 1992) has been attributed to carbohydrate depletion in leaves. During
postharvest, nonstructural carbohydrates are translocated from leaves to the floral sink
for continuation o f floral development. M cConchie and Lang (1992) have demonstrated
that, under standard shipping conditions, up to 82% o f starch reserves are depleted
from P. neriifolia leaves within 24 h o f harvest.

H owever, stems with delayed

appearance o f leaf blackening symptoms maintain relatively higher levels of
carbohydrates in the initial postharvest period.

In addition, early appearance of

symptoms are preceded by rapid leaf carbohydrate depletion (M cConchie and Lang,
1992).
Development o f postharvest treatments designed to reduce blackening symptoms,
such as illumination o f stems and use o f sugar-based vase solutions, have been the focus
for much research (Jones, 1991; M cConchie et al., 1991; M cConchie and Lang, 1992;
Reid et al.,1989; Newman et al., 1989). An alternative approach to understanding the
problem may be investigation o f species or cultivars less prone to leaf blackening.
Susceptibility to leaf blackening symptoms may be species or cultivar-specific due to
heritable characteristics that influence carbohydrate metabolism and partitioning. F or
example, cultivars with higher carbohydrate levels prior to harvest may be able to
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provide sufficient substrate to support floral development during postharvest, thus
avoiding leaf carbohydrate depletion and appearance o f blackening symptoms.
Alternatively, differences in leaf sink to source transition along stems could influence
the total amount o f stored carbohydrate available to support the inflorescence during the
postharvest interval.
The purpose o f this preliminary study was to evaluate the relationship between
preharvest carbohydrate concentrations and leaf blackening rate in three Protea species
generally considered by industry to be differentially prone to leaf blackening.

In

addition, the sink-source status of leaves on floral and vegetative stems was determined
for each species.
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M aterials and M ethods
P o stharvest M easurem ents. Six floral stems (at soft tip maturity) were harvested from
Protea neriifolia. P. Susannae x compacta. and P. eximia plants, growing at a
commercial plantation in Goleta, Calif., in September, 1991, and air-freighted overnight
to Baton Rouge, La.

Stems were re-cut on arrival and placed in 1-liter deionized

distilled water containing 50 ppm hypochlorite. Stems were held under 24-h darkness
at 25C ( ± 1C) in a growth chamber (Environmental Growth Chambers, Chagrin Falls,
Ohio). The number o f leaves per stem with 10% or more blackened surface area was
recorded daily for 11 days.
P reh arv est M easurem ents. Based on uniformity, one vegetative and one floral stem
(at soft tip maturity) were selected on three plants of each species of Protea neriifolia.
P. Susannae x compacta. and P. eximia growing at the same commercial plantation
described above. Seven phyllotactic divisions (one division equals one complete spiral
o f leaves) were tagged on each stem beginning at the apex. Carbon exchange rate
(CER) and stomatal conductance were measured for each division, as described by
McConchie eta l. (1991), under ambient photosynthetically active radiation (PAR) (1500
to 1975 ij.mol •m'2*s'1) between 1030 and 1330 HR. Leaf discs were removed, frozen
at -80C and lyophilized for carbohydrate analysis (McConchie et al., 1991). Soluble
carbohydrates

were

extracted

and

quantified

using

high

performance

chromatography (HPLC) as described by McConchie and Lang (1992).

liquid
Starch

concentrations were determined using the method of Robbins and Pharr (1988).
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Statistical Analysis. The postharvest data set was analyzed as a repeated measures
design with a one-way treatment structure (3 plant species, 11 days, n = 6 ) (Milliken and
Johnson, 1984). The preharvest data sets were analyzed as completely randomized
designs with 2-way treatment structures (3 plant species, 7 phyllotactic divisions, n= 3 ).
Means were separated using Duncan’s New Multiple Range Test (DNMR). All analyses
were performed using the SAS statistical package (SAS Institute, Cary, N .C .).
Due to the extremely low CER and degree of stomatal closure in P. Susannae
x compacta and P. eximia. measurements on three replicate stems was not possible
within the time period. Therefore, CER and stomatal conductance data presented for
these two species represents an average of the seven phyllotactic divisions of one floral
and one vegetative stem.
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R esults a n d Discussion
L e af Blackening. Development of leaf blackening differed significantly (P = 0.003)
between the three species examined in this study (Fig. 5).

Leaf blackening for P.

Susannae x compacta was significantly less (P < 0 .0 5 ) compared to P. neriifolia and
P. exim ia. This species had less than 5 % leaf blackening by day four. In contrast, P.
eximia leaf blackening developed rapidly, rising from 17 % to 83 % between days three
and four and was 100% by day five.

Development of blackening symptoms was

intermediate in P. neriifolia reaching 52% on day four. P. Susannae x compacta and
P. neriifolia had developed nearly 100% leaf blackening by day nine.
C E R a n d Stom atal C onductance. CER and stomatal conductance were very low in
all three species and did not vary significantly between floral and vegetative stems, or
across the seven phyllotactic divisions. CER in P. neriifolia averaged 1.13 and 0.93
mg CH20 • dm'2 • h '1 and average stomatal conductance was 0.27 and 0.30 mol • m'2s •
for floral and vegetative stems, respectively. CER in floral and vegetative stems of P.
Susannae x compacta was 0.09 and 0.11 mg CH20 • dm'2 • h'1, and stomatal conductance
averaged 0.07 and 0.06 mol*m'2s* '', respectively.

CER in P. eximia was 0.07 and

0.02 mg CH20 • dm'2 • h'1, and average stomatal conductance was 0.02 and 0.05 mol • m'
V ' 1 for floral and vegetative stems, respectively.

The low stomatal conductance

measured for P. Susannae x compacta and P. eximia probably accounted for the virtual
cessation o f carbon fixation in these two species.
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com pacta. and (A ) Protea eximia. Bars indicate the maximum se associated with least
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The low CER in P. neriifolia measured in this study was similar to rates
measured previously for cut stems o f this species in a growth chamber under low PAR
(120 /miol • m'2• s'1) (McConchie et al., 1991). The even lower CER (ca. one tenth)
measured in P. Susannae x compacta and P. eximia is particularly striking and was later
confirmed by further measurements taken throughout the total photoperiod, on
glasshouse-grown plants under high and low PAR (data not shown). The cause of low
stomatal conductance and CER in this experiment is unlikely to be water stress, since
soil tensiometer readings (38 kPa at 12-inches depth) indicated adequate water supply.
Furthermore, plants did not have any visual symptoms of stress. Evolution of these
Protea species under xerophytic environmental conditions may have resulted in
consistently low rates o f carbon fixation, or alternative carbon-fixing mechanisms. For
example, closure o f stomata during the day (Osmond, 1978), as observed in this
experiment, suggests that these Protea species may be CAM or facultative CAM plants.
CER for other xerophytic woody plant species such as Nerium oleander and Eucalyptus
spp. range from ca. 10 to 25 /amol• m'2• s'1 (25C) (Ferrar et al., 1989). Additionally,
many evergreen shrubs adapted to desert environments have relatively low (ca. 11
/anol • m'2 • s'1) photosynthetic capacities (Smith and Nobel, 1986). CER measured for
the three Protea species in this study are below these levels, ranging from 0.22 to 10.52
jim o l-m ^ -s'1, when expressed in the same units.
C arb o h y d ra te S tatus. The major non-structural carbohydrates found in both floral and
vegetative stems o f all species were starch, sucrose, and the sugar alcohol polygalatol
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(1,5-anhydro-D-glucitol) (Figs. 6-8). Fructose, glucose and maltose were detected in
the soluble carbohydrate fraction at less than 1.9 m g*dm '2 and are not reported.
L eaf starch concentrations were similar between floral (Fig. 6A) and vegetative
stems (Fig. 6B) for each o f the three species. However, starch concentrations in P.
neriifolia leaves were significantly higher (P < 0.05) for both stems types than in
leaves o f other species. Starch concentrations in both floral and vegetative stems of P.
Susannae x compacta and P. eximia did not differ significantly across all seven
phyllotactic divisions (Figs. 6A and 6B). Starch concentrations for vegetative stems in
all three species were lower in the first phyllotactic division (Fig. 6B). A similar starch
pattern exists in floral stems, except for P. Susannae x compacta. which has the highest
starch concentration at division one (Fig. 6A).
Floral stem leaf sucrose concentrations were significantly different (P = 0.0001)
among the three species, with P. Susannae x compacta having the highest concentration
and P. eximia the lowest (Fig. 7A).

On floral stems, phyllotactic division did not

significantly influence sucrose concentration, suggesting that subtending leaves to the
inflorescence may all be source leaves. In contrast, phyllotactic division significantly
influenced sucrose concentration (P = 0.0001) in vegetative stems o f the three species
(Fig. 7B). Sucrose concentrations were lowest in the first two divisions and increased
basipetally.

Older leaves ( >

division four) on P. eximia vegetative stems had

significantly lower sucrose concentrations overall (P < 0.05) compared with the other
two species.
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Changes in leaf starch and sucrose concentrations across phyllotactic division
may indicate a sink to source transition.

In dicotyledonous plants, the transition of

leaves from heterotrophy to autotrophy usually occurs when leaves are 30-60% fully
expanded (Turgeon, 1989). In addition to leaf morphological changes, sink to source
transition is usually characterized by increased capacity for synthesis of transport
carbohydrates, as a result of greater photosynthetic competence. Furthermore, export
capacity or source leaf status has been correlated with partitioning of photoassimilates
into sucrose (Giaquinta, 1980).

Based on the increase in sucrose content across

phyllotactic division in all three species (Fig. 7C), a transition zone may exist between
division two and three in vegetative stems.
The lower starch concentration in the first two phyllotactic divisions of
vegetative stems (Fig. 6B) further supports the hypothesis of a transition zone.
Developing leaves can be classified as ’utilization’ sinks where imported carbohydrates
are used primarily for respiration and growth, rather than storage (Ho, 1988). Thus,
low starch concentrations in leaves at divisions one and two may indicate heterotrophic
status. Starch metabolism in source leaves, however, is closely linked to photosynthetic
capacity and sink requirements, which may vary diurnally (Beck and Ziegler, 1989).
A similar phyllotactic starch pattern to that of stems in this study was found on intact
vegetative stems o f glasshouse-grown P. Susannae x compacta plants (McConchie et al.,
1991); however, the rise in starch concentration occurred sharply at division five. The
differences in transition zone between field-grown and glasshouse-grown plants may
vary based on environmental influences to which field-grown plants are subjected and
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the resultant stage o f growth flush cycle. Consequently, a m ore active growth cycle
m ay result in a m ore basipetal transition zone.
O f particular interest is the difference in carbohydrate patterns between floral
and vegetative stems. Unlike vegetative stems, the similarity of sucrose profiles across
phyllotactic divisions o f floral stems (Fig. 7A) suggests that, after flower initiation and
during inflorescence development, the majority of leaves may be source leaves by the
time floral stems are harvested.

Additionally, floral stem sucrose concentrations at

divisions one and two are two to three times higher than comparable divisions in
vegetative stems (Figs. 7A and 7B). The high starch concentration at division one in
P. Susannae x compacta further supports the hypothesis that floral stem leaves may be
source leaves (Fig. 6A).

However, low starch concentrations at division one in P.

neriifolia and P. eximia suggests that the most acroptal leaves may still be undergoing
transition from sink to source status in these two species.

The time between flower

initiation and anthesis for some members o f the Proteaceae. such as Banksia spp.. can
be several months (Fuss et al., 1992). Due to similar time periods being observed for
floral development o f the three Protea spp. in this study, transition o f the majority of
subtending leaves to source leaf status would not be unexpected.
Floral stem leaf polygalatol concentrations did not differ significantly between
species (P = 0.06) (Fig. 8A); however, vegetative stem concentrations were highest
in P. Susannae x compacta (P < 0.05) (Fig. 8B). Both floral and vegetative stem leaf
polygalatol concentrations declined significantly in a basipetal pattern (P = 0.009 and
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P = 0.0001, respectively). Thus, leaves closest to the apex consistently had the highest
concentration o f polygalatol, irrespective o f species.

Some sugar alcohols, such as

sorbitol, are primarily transport carbohydrates and accumulate in source tissue where
they are synthesized (Merlo and Passera, 1991). However, osmoregulation has also
been hypothesized as an alternate role for sugar alcohols (Bieleski, 1982). Cheeseman
(1988) suggested that such compounds used by the plant for osmotic adjustment in dry
or saline habitats are usually not available for growth. Recent studies have shown that
leaf polygalatol concentrations in P. neriifolia and P. eximia do not decrease under
carbohydrate stress conditions during postharvest (McConchie and Lang, 1992; Bieleski
et al., 1992). Thus, the pattern of higher concentrations in the most acropetal leaves,
coupled with apparent unavailability for transport during postharvest, may suggest an
osmotic adjustment role for polygalatol in Protea spp.
Comparison o f preharvest carbohydrate profiles of the three species examined
does not demonstrate a clear relationship between the rate of leaf blackening and
preharvest reserve carbohydrate concentrations.

Despite substantially higher starch

levels in P. neriifolia leaves (Fig. 6A), leaf blackening developed at a faster rate than
in P. Susannae x compacta. which had less starch reserves.

Sucrose concentrations,

however, are related more closely with rate of leaf blackening (Figs. 5 and 7A).
Highest leaf sucrose concentrations were found in P. Susannae x compacta. which had
a slower rate o f leaf blackening than the other two species. Furthermore, P. eximia had
the lowest sucrose concentrations and the most rapid development of leaf blackening
symptoms. Under conditions of high sink demand, starch reserves are metabolized to
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transport sucrose.

Floral P. neriifolia stems had about twice the leaf starch

concentration of P. Susannae x compacta (Fig. 6A), which when combined with sucrose
concentrations (Fig. 7A), represents a higher overall carbohydrate status. Collectively,
these data suggest that rate of leaf blackening may be related more to inflorescence sink
demand after harvest, rather than to total preharvest carbohydrate reserves.

Sink

strength of the inflorescence in P. neriifolia appears to be substantial, since up to 82%
o f starch is depleted from leaves during the first 24 h after harvest (McConchie and
Lang, 1992).

Therefore, leaf blackening may be induced by the substantial

carbohydrate depletion that occurs during shipping, irrespective of the amount of
carbohydrate in the leaves at harvest.
It has been hypothesized that symptoms of leaf blackening are caused by
oxidation o f polyphenols and leuco-anthocyanins by the enzymes polyphenol oxidase
(PPO) and peroxidase (POD) (Whitehead and de Swardt, 1982), under conditions of
carbohydrate depletion.

Susceptibility to leaf blackening may, in conjunction with

depleting carbohydrate reserves, be more related to activity of these enzymes and levels
o f their substrates in the three species examined, than levels of preharvest
carbohydrates.

Protea species contain high concentrations of phenolic glycosides

(Perold et al., 1979) which, under low carbohydrate status, may be hydrolysed to
release free phenolics available for oxidation and glucose for metabolism (Dey and
Dixon, 1985). Thus, the reduction of leaf blackening symptoms when cut stems are
placed under lighted postharvest conditions (McConchie et al., 1991; Bieleski et al.,
1992), or by treatment with a 24 h 20% sucrose pulse (Jones, 1991; McConchie and
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Lang, 1992) may have the dual effect o f increasing carbohydrate substrates for
continuation o f floral development and decreasing the requirem ent for phenolic
glycoside cleavage.
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Introduction
A major postharvest problem of many cut flower Protea species is premature
leaf blackening. Blackening symptoms in susceptible species can appear within 3 to 7
days after harvest, severely reducing market quality. The onset of leaf blackening has
been associated with diminished carbohydrate concentrations in leaves during the
postharvest period (McConchie et a l., 1991, Bieleski et a l., 1992). Leaf blackening can
be delayed in cut stems of P. neriifolia by holding them in light (Reid et a l., 1989;
McConchie et al., 1991) due to the contribution of leaf photosynthetic activity to the
carbohydrate pool (McConchie et a l., 1991). After harvest, non-structural carbohydrates
appear to be mobilized from leaves to the floral sink for continuation o f floral
development.

Postharvest leaf carbohydrate profiles under light show that during

periods o f rapid floral expansion, fixed carbon is preferentially partitioned into transport
carbohydrates.

In contrast, when the flower is fully expanded or senescing,

photoassimilates are partitioned into starch and stored in the leaves. L eaf blackening
in cut Protea stems has reportedly been reduced by placement in vase solutions
containing 0.2-2% sucrose or by removal of the flowerhead (Pauli et al., 1980; Brink
and de Swardt, 1986; Reid et al., 1989). Collectively, these data suggest that when
demand for stored or newly fixed carbohydrates is reduced, there is a corresponding
reduction in leaf blackening.
Whitehead and de Swardt (1982) hypothesized that the visual symptoms
associated with leaf blackening are caused by oxidation of polyphenols and leucoanthocyanins by polyphenol oxidase (PPO) and peroxidases (POD). This hypothesis
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suggests that there is a breakdown o f membrane structure during the postharvest
interval, which in turn releases PPO from chloroplasts and phenolic substrates from
vacuoles, resulting in leaf blackening. The question then arises as to how depletion of
leaf carbohydrates and membrane degradation are physiologically linked.
F erreira (1986) hypothesized that following carbohydrate depletion in Pro tea,
cellular components may be hydrolyzed to supply respiratory substrate for the
inflorescence. This seems unlikely since a pool of non-structural carbohydrates remains
in the leaves after the onset o f leaf blackening (M cConchie et al., 1991; Bieleski et al.,
1992). O ur alternative hypothesis is that a metabolic imbalance, caused by depleted
levels o f carbohydrates, leads to oxidative stress responses and subsequent membrane
damage. Production o f toxic free radicals is a consequence o f norm al cell metabolism.
H ow ever, their potentially toxic effect is

usually mitigated by antioxidant or free

radical-scavenging systems (W inston, 1990; Elstner, 1987).

In a stressed cell,

antioxidant effectiveness is often decreased, possibly resulting in free radical attack on
lipids, proteins and other macromolecules, leading to cellular disorganization and
eventual death (Benson, 1990).
Glutathione is involved in a series o f antioxidant reactions resulting in the
detoxification o f oxygen derivatives (Elstner, 1987; Larson, 1988). D uring darkness,
the ascorbate-glutathione antioxidant system may have reduced efficacy due to
dim inishing availability o f N A D PH + H + to regenerate reduced glutathione (GSH).
Loss o f membrane integrity in stressed plants may also be brought about by free
radical-m ediated lipid peroxidation (W inston, 1990; Elstner, 1987). F ree fatty acids,
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released from membranes via enzymatic catalysis or direct attack by free radicals during
stress, are subject to further attack by free radicals resulting in the formation o f ethane
and malionaldehyde.

Presence o f one or both o f these compounds may be used to

estimate the extent o f lipid peroxidation in plant cells and thus indicate antioxidant
status (W inston, 1990).
Ethylene is an important growth regulator often associated with stress responses
and senescence in plant tissue and may induce accelerated cell death (Mattoo and
Aharoni, 1988).

In addition, ethylene may stimulate the activity o f peroxidases

(Gonzalez et al., 1991). Therefore, the production of ethylene during the postharvest
period by P. neriifolia leaves may help clarify some o f the physiological mechanisms
related to leaf blackening.
H ere I report on preharvest leaf carbohydrate metabolism and postharvest leaf
carbohydrate depletion to determine the influence of inflorescence sink demand during
storage in darkness and to establish more clearly the timing and factors involved in the
onset o f leaf blackening.

Ethylene production and the changes in two biological

indicators o f antioxidant status, glutathione and lipid peroxidation were measured to
investigate the link between reduced carbohydrate concentration and possible
mechanisms o f membrane deterioration and leaf blackening.
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M aterials a n d M ethods
P reh arv est Sam pling. Based on uniformity o f stem size and age, one vegetative and
one floral stem were selected from three Protea neriifolia plants at a commercial
plantation in Goleta, Calif., in August, 1991.

Each stem was divided into seven

phyllotactic divisions (one division equals one complete spiral of leaves, ca. 5 to 7
leaves) beginning at the distal end. Carbon exchange rate (CER) and stomatal
conductance were measured at each division using a portable infrared gas analyzer (LICOR Model Li-6200, Lincoln Neb.), at ambient photosynthetically active radiation
(PAR) o f approximately 1975 ^m ol-m '2^ ' 1, as described by McConchie et al. (1991).
Four leaf discs (0.5 cm diameter) were removed from each division at the beginning
and end o f 5 h o f sampling for assimilate export rate (AER) estimation (Terry and
Mortimer, 1972). Leaf discs were taken 2.5 h before and 2.5 h after CER and stomatal
conductance measurements. Leaf discs were frozen and transported in liquid N2. Upon
arrival in Baton Rouge, L a ., discs were lyophilized and weighed to provide an estimate
of the rate o f dry weight change per unit leaf area during the preharvest photoperiod.
Weighed leaf discs were used for carbohydrate analysis as described for postharvest
samples.
Postharvest Sam pling. Sixty-three floral (at soft tip maturity) and 21 vegetative stems
were harvested from the same block at dawn the following day. Leaf samples were
removed from the third and sixth phyllotactic division on three vegetative and nine
floral stems, frozen in liquid N2 and stored at -80C until required for enzyme and
carbohydrate analysis. The remaining stems were packed under standard conditions for
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cut flowers and air-freighted to Baton Rouge, La. Stems were unpacked 24 h after
harvest, and leaves were sampled from three vegetative and nine floral stems as
described above. The remaining stems were re-cut (1 cm), placed in 1-liter de-ionized
distilled HzO containing 50 ppm hypochlorite (referred to as base solution) and assigned
the following treatments: A - vegetative stem in base solution, B - floral stem, with
flowerhead removed 24 h after harvest, in base solution, C - floral stem with 0.5%
sucrose added to base solution, D - floral stem with a 24-h 20% sucrose pulse followed
by placement in base solution. All treatments were maintained in continuous darkness
in a growth chamber (Environmental Growth Chambers, Chagrin Falls, Ohio) at 25C
( ± 1C).

Vase solutions were changed daily.

Each sample day, three stems were

chosen randomly from each treatment for the same measurements. The number of
leaves with 10% or more leaf area blackened was recorded and stomatal conductance
(LI-COR Model Li-6200, Lincoln, Neb.) measured on leaves from the third and sixth
phyllotactic division. Leaves from those divisions were then removed from the stems,
and shredded and mixed to form a composite sample.

Composite samples were

weighed, frozen and used for the glutathione and lipid peroxidation analyses described
below.

Samples were taken on days 0, 1, 3, 4, 5, 6 and 7 for all treatments. An

additional sample was taken on day 2 for the 20% pulse treatment to observe effects
o f the pulse.

All results for metabolic measurements (carbohydrate, respiration,

ethylene, glutathione and lipid peroxidation) are expressed as an average of the third
and sixth phyllotactic divisions to better represent stem profiles during the postharvest
period.
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C arb o h y d rate Analysis. Four leaf discs (0.5 cm diameter) were removed from the
third and sixth phyllotactic division for each treatment/sample day combination (total
= 8 discs/stem, 3stems/treatment), frozen (-80C) and lyophilized.

Leaf discs were

ground in 3 ml o f 80% (v/v) ethanol using a Brinkman Polytron Homogenizer
(Brinkman Instruments, Westbury, NY). Soluble carbohydrates were extracted in a total
o f 9 ml 80% (v/v) ethanol and evaporated to dryness according to the methods of
Robbins and Pharr (1988). The samples were re-dissolved in 2 ml 80% ethanol (v/v),
and soluble carbohydrates per unit leaf area were determined using high performance
liquid chromatography (HPLC)

(Waters 501 HPLC Pump, Waters 410 Differential

Refractive Index Detector, M ilford, M ass.; Phenomenex Spherex 5NH2 Column,
Torrance, Calif.) using 70% (v/v) acetonitrile. Sugars were identified and quantified
based on retention times and area under the peak for the following standards (Sigma
Chemical): 0.4% 1,5-anhydro-D-glucitol (polygalatol), 0.1% fructose, 0.1% glucose,
0.2% sucrose and 0.1% maltose.
The pellet remaining from ethanolic extraction was used for starch analysis.
Starch

was

hydrolysed

by

amyloglucosidase

and

concentrations

determined

enzymatically by detecting the released glucose (Robbins and Pharr,

1988).

R espiration, Ethylene, G lutathione an d L ipid Peroxidation Analyses.

For

respiration determination, one leaf from each of the third and sixth phyllotactic division
were removed, weighed, and placed in sealed 72-ml jars (2 leaves/jar, 3 jars/treatment)
fitted with a rubber septum in the lid. Carbon dioxide concentration in the head space
was determined after 1 h under continuous darkness at 25C, using gas chromatography
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(GC)(Varian, Model 3700, Walnut Creek, Calif.).

The GC was equipped with a

Porapak Q column and a flame ionization detector. The carrier gas was helium at a
flow rate o f 40 ml • min'1.
A second set of leaf samples (2 leaves/jar, 3 jars/treatment) was taken as
described above for determination of ethylene evolution.

Concentration in the head

space was measured after 1 h under continuous darkness at 25C, by means of a GC
equipped with a flame ionization detector and an alumina column (80C) (Hewlett
Packard, Model 5790A, Avondale, Penn.) The carrier gas was helium at a flow rate
o f 20 m l‘ min'1.
Total

glutathione

(GSH

+

GSSG)

and

oxidized

glutathione

(GSSG)

concentration were determined enzymatically from 0.5 g composite tissue from the third
and sixth phyllotactic divisions, by the methods of Anderson (1985) and Dhindsa (1987)
using the DTNB-GSSG reductase recycling assay. Sample preparation for GSSG
followed the method of Smith (1985), with slight modification. A 1-ml aliquot of the
supernatant obtained for total glutathione determination was neutralized with 1.5 ml
potassium phosphate buffer (pH = 7.5). Following addition of 50 jul 2-vinyl pyridine,
the emulsion was incubated for 1 h at 25 C.

Total and oxidized glutathione were

determined from a standard curve using known GSH and GSSG concentrations
purchased from Sigma Chemical Co. (St. Louis, MO).
Malionaldehyde (MDA), a by-product o f lipid peroxidation, was measured from
0.5 g composite tissue from the third and sixth phyllotactic divisions, using the
thiobarbituric acid method described by Heath and Packer (1968).
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S tatistical A nalysis. The preharvest data sets were analyzed as factorial analyses of
variance with 2-way treatment structures (floral or vegetative stem, 7 phyllotactic
divisions, 3 replicate stems per stem-division combination). T he postharvest data sets
were analyzed as factorial analyses o f variance with 2-way treatment structures (4
flow er treatments, 7 days, 3 replicate stems per flower-day combination).

W here

appropriate, specific day-treatment combinations were examined using orthogonal
contrasts. Individual day-treatment combinations were compared using D uncan’s New
M ultiple Range Test (DNMR) (Steel and Torrie, 1980). All data were analyzed using
SAS (SAS Institute In c ., Cary, N .C . 1987).
Although sampling and analysis from day 0 to day 7 followed a factorial
experimental design, for graphical representation, floral samples prior to initiation of
postharvest treatments were combined.
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R esults
P re h a rv est. Vegetative and floral stems did not differ statistically for CER (P = 0.33)
o r AER over all seven phyllotactic divisions (P = 0.54) (Fig. 9A and 9B). The pattern
o f CER was similar for floral and vegetative stems across all but the fourth phyllotactic
division. M aximum carbon fixation occurred at divisions 4 to 6, and 5 to 7 for floral
and vegetative stems, respectively (Fig. 9A). AER was highly correlated with CER (r
= 0.99, P < 0.0001), suggesting that the majority of fixed carbon was exported in
both floral and vegetative stems (Fig. 9B).
Starch was the most abundant non-structural carbohydrate in floral and
vegetative stems; however, over all phyllotactic divisions, concentrations were not
significantly different between stem type (P = 0.40) (Fig. 9C). Concentrations
fluctuated across the 7 divisions ranging from 32.7 to 88.3 mg glucose• dm'2.
The major soluble sugars found in leaves were polygalatol (1,5-anhydro-Dglucitol) and sucrose (Fig. 9D).

Fructose, glucose and maltose were found in

concentrations less than 1.7 mg*dm'2 and are not reported.

N either polygalatol nor

sucrose concentrations differed significantly between floral and vegetative stems (P =
0.87 and P = 0.14, respectively); however, polygalatol concentrations were higher than
sucrose concentrations in floral and vegetative stems across all divisions. Phyllotactic
division significantly influenced concentrations o f polygalatol (P = 0.0001) and sucrose
(P = 0.003). Polygalatol concentrations were highest in the most acropetal divisions
and decreased basipetally.

In contrast,

sucrose concentrations were lowest in the

acropetal divisions and increased basipetally.
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F igure 9. Preharvest rates of photosynthesis and concentrations o f non-structural
carbohydrates in leaves o f field-grown Protea neriifolia stems in 7 phyllotactic divisions
(one division equals one complete spiral o f leaves, ca. 5 to 7 leaves) from the distal end
(Division 1) to the basal end (Division 7). Open symbols are vegetative stems . Closed
sym bols are floral stems . (A) carbon exchange rate (CER) (mg C H jO -d m ^ -h '1), (B)
assim ilate export rate (AER) (mg CH20 * d m '2 *h'1), (C), starch concentration (mg
glucose • dm -2), (D) soluble sugar concentration (mg • dm'2). Bars indicate the maximum
SE associated with least square means (n = 3 ).

67
P o sth arv est T reatm en ts. Both duration of postharvest holding (days) (P — 0.0001)
and treatment (P = 0.006) were related to the amount of leaf blackening (Fig. 10A).
Overall, the vegetative stems and flowers pulsed with 20% sucrose had significantly
less (P < 0.05) leaf blackening than either those decapitated or held in 0.5% sugar
solution. In the decapitated stems and those in 0.5% sugar solution, the rate o f leaf
blackening increased rapidly after day 3, reaching a maximum o f 71% and 87%,
respectively, by day 7.

In contrast, the rate o f leaf blackening was low er for the

vegetative stems and pulsed flowers, and did not exceed 27% for either treatment
throughout the 7-day postharvest period.
Starch concentrations decreased dramatically (ca. 72%) within the first 24 h of
harvest for all stems (Fig. 10B). Concentrations preharvest (day 0) were significantly
higher (P = 0.0001) than on all other days.

Starch concentrations in leaves o f

vegetative stems declined more gradually than in those o f floral stems; however,
concentrations in all treatments had decreased by an average o f 88% by day 5. Starch
concentrations in leaves o f stems in 0.5% sugar solution, dropped to 4.2 mg*dm'2
within the first 24 h and remained low throughout the postharvest interval. In contrast,
after an initial decline during shipping, starch concentrations in pulsed flowers increased
significantly (P < 0.05) 48 h after initiation o f the pulse treatment (day 3).

Starch

concentrations on day 3 for the pulse treatment were similar to concentrations measured
preharvest and w ere significantly higher (P = 0.01) than in the decapitated stems or
those in 0.5% sugar solution. However, by day 4, starch concentrations in the pulsed
flow ers decreased to levels similar to other treatments.
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Figure 10. Changes in postharvest leaf blackening and non-structural carbohydrate
concentrations in leaves o f cut Protea neriifolia stems taken at harvest (Day 0), after
a dark 24-h shipping period (Day 1), and each day thereafter while held in 24 h
darkness (25C ± 1C) for 6 days. Treatments are: ( □ ) vegetative stems, (A) floral
stem with flowerhead removed 24 h after harvest, ( ■ ) floral stems with 0.5% sugar
in vase solution, ( • ) floral stems placed in 20% sugar pulse, from 24-48 h after
harvest. Floral treatments were applied immediately after the 24-h shipping period. (A)
percent leaves with at least 10% blackened leaf area, (B) starch concentration, (C)
sucrose concentration, (D) polygalatol concentration. The dotted line indicates the time
at which stems were placed in their respective vase solutions and postharvest treatments
were imposed. Bars indicate the maximum s e associated with least square means
(n = 3 ).
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There was no significant difference in sucrose concentrations among treatments

(P = 0.20) (Fig. 10C); however, regressions o f concentrations on day indicated a
significant decline (P < 0.001) over the postharvest interval. In the decapitated stems
and those in 0.5% sugar solution, sucrose concentrations decreased rapidly during the
first 4 days after harvest and remained low. Over the same period, vegetative stems
maintained higher sucrose concentrations, but then decreased to similar low levels on
day 5.

Sucrose concentrations in the pulsed flowers significantly increased (P =

0.0001) 24 h after the pulse, to approximately 25% above their preharvest level. This
increase in sucrose preceded the increase in starch concentration (Fig. 10B) that
occurred 48 h after the pulse treatment was initiated.
Polygalatol concentrations were significantly higher (P < 0.05) in the vegetative
stems than in floral stems of the other treatments throughout the postharvest period
(Fig. 10D). In general, polygalatol concentrations for all treatments increased slightly
or were generally maintained over the 7 days, in contrast to the sucrose concentrations,
which declined dramatically.
Leaf respiration was significantly higher on day 1 for the vegetative stems,
decapitated stems and those in the 0.5% sugar solution than on the other days (P <
0.05) (Fig. 11). However, after day 3, the respiration rate in these treatments was
generally maintained for the remainder of the postharvest period. In the pulsed stems
respiration increased on day 2, before declining to a rate similar to that in other
treatments.
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Figure 11. Changes in postharvest respiration rate in leaves of cut Protea neriifolia
stems taken after a dark 24-h shipping period (Day 1), and each day thereafter while
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No ethylene evolution ( < 0.1 /nl* liter'1) was detected from leaves in any
treatment throughout the postharvest period (data not shown).
Stomatal conductance in the vegetative stems was significantly higher (P <
0.05) than in stems of other treatments; however, there was no significant difference
between floral treatments (data not shown). Stomatal conductance fluctuated between
0.16 and 0.40 mol *m"2• s'1 for leaves of all floral treatments, while conductance in
those of vegetative stems ranged between 0.25 to 0.45 mol•m"2*s'1.

Stomatal

conductance measured postharvest was within the same range as that measured
preharvest (0.10-0.45 mol • m'2 • s'1).
Overall, total glutathione (GSH + GSSG) concentration differed significantly
among treatments (P = 0.03); however, concentration over days did not differ
significantly (P = 0.06) (Table 3). Concentrations of total glutathione in leaves o f the
pulsed stems were higher than the other treatments (P < 0.05). Additionally, total
glutathione in leaves o f the pulsed and decapitated stems increased at day 5, while
variations in total glutathione for other treatments did not exhibit any consistent trends.
Both duration o f postharvest holding (days) (P = 0.05) and treatment (P =
0.02) significantly influenced GSSG concentrations (Table 3). The 20% pulse treatment
led to increased concentrations of GSSG over the postharvest period and they were
significantly higher overall than those in other treatments (P = 0.006). In contrast,
GSSG in vegetative stems remained low until day 6, but was on average, not
significantly different from that in decapitated stems or those in 0.5% sugar solution
(P = 0.08).

72
Table 3. Average Protea neriifolia leaf concentrations o f total glutathione (GSH +
GSSG) and oxidized glutathione (GSSG) at preharvest (Day 0), after a 24-hr dark
shipping period (Day 1), and each day thereafter for 6 days while held in 24 h darkness
(25C ± 1C). Treatments assigned were vegetative stems, floral stems with flowerhead
removed (decapitated), 0.5% sugar added to vase solution, or 24 h 20% sugar pulse.

Total Glutathione (GSH + GSSG) (nmols g'1 f.w.)
Vegetative

Decapitated

0.5% Sugar

20% Pulse

2.811
2.10

3.39
2.84

5.46
2.98

2.66
3.17

Pretreatment

Day
0
1
2
3
4
5
6
7

-

-

-

3.75
2.83
4.00
3.67
2.80

3.76
2.37
5.28
5.37
4.28

2.55
3.03
3.26
2.92
3.56

3.08
3.75
3.40
5.96
5.84
5.59

Trt
Mean

3.45b

4.00b

3.03b

4.53a

Initiation of Postharvest
Treatment

Oxidized Glutathione (GSSG) (nmols g'1 f.w.)

o o
o o

Pretreatment

Day
0
1
2
3
4
5
6
7
Trt
Mean

0.13b

0.00
0.26

0.23
0.04

-

-

-

0.09
0.00
0.00
0.06
0.70

0.05
0.03
0.18
0.31
0.69

0.18
0.06
0.04
0.44
0.34

0.15
0.24
0.66
0.64
0.77
0.43

0.17b

0.19b

0.47a

0.00
0.11
Initiation of Postharvest
Treatment

1 Maximum standard error of the least square means is 1.10. y Maximum standard error of the least
square means is 0.28. Treatment means within rows followed by a different letter are significantly
different at the 5% level f2-tailed t-test).
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In general, GSSG concentrations in these two treatments remained relatively low until
day 5, after which, concentrations rose to levels similar to those in pulsed stems.
Lipid peroxidation, in vegetative stems, as determined by malionaldehyde
concentration, was significantly less than in stems of the other treatments (P < 0.05)
(Table 4). The rate of lipid peroxidation did not change significantly (P = 0.18) over
the postharvest interval for either the stems that remained green (pulsed and vegetative
stems) or the stems that had higher incidence of leaf blackening (those decapitated or
in 0.5% sugar solution).
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Table 4. Average Protea neriifolia leaf malionaldehyde concentrations at preharvest
(Day 0), after a 24-h dark shipping period (Day 1) and each day thereafter for 6 days
while held in 24 h darkness (25C ± 1C). Treatments assigned were vegetative stems,
floral stems with flowerhead removed (decapitated), 0.5% sugar added to the vase
solution or 24 h 20% sugar pulse.

Malionaldehyde Concentration (nmol g'1 f.w.)

Day
0
1

Vegetative

Decapitated

0.5% Sugar

20% Pulse

0.262
0.31

0.34
0.36

0.33
0.32

0.42
0.46
0.37
0.33
0.37
0.35
0.30
0.41

0.36a

Pretreatment

2
3
4
5
6
7

-

-

0.32
0.23
0.21
0.19
0.34

0.39
0.37
0.28
0.30
0.38

0.28
0.34
0.31
0.39
0.36

Trt
Mean

0.26b

0.35a

0.33a

In itiation
Treatment

of

P ostharvest

1Maximum standard error of the least square means was 0.07. Means within rows followed by a different
letter are significantly different at the 5% level (2-tailed t-tesfl.
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Discussion
The CER measured preharvest on intact P. neriifolia plants (Fig. 9A) was
similar to that measured on cut floral stems in previous work under low light intensities
(120 junol • m'2 • s'1) (McConchie et al., 1991). In both cases, CER appears to be low
in comparison with that o f other woody species (Flore and Lakso, 1990). In addition,
AER (Fig. 5B) follows the same pattern as CER in floral and vegetative stems. The
similarity o f CER and AER of floral and vegetative stems on intact plants is
unexpected. Pharr et al. (1985) have shown that presence of a strong sink, such as that
imposed by flowers or developing fruits, may result in accelerated leaf carbon exchange
rates compared with vegetative plants. Data from this study demonstrate that presence
of a floral sink does not result in increased CER or AER compared to vegetative stems.
In addition, the similarity of carbohydrate profiles between floral and vegetative stems
before harvest suggests that leaf blackening in P. neriifolia may be related more to
floral sink demand after harvest rather than to carbohydrate status before harvest.
Addition o f exogenous sugar to the vase solution in concentrations o f 0.2% to
2% , or removal of the flowerhead are reportedly beneficial in delaying leaf blackening
in Protea stems (Brink and de Swardt, 1986; Newman et al., 1989), while higher
concentrations exacerbate blackening symptoms (Reid et al., 1989). Sensitivity to high
sugar concentrations has been observed in leaves of other cut flowers, which Halevy
(1976) suggests may be due to adverse osmotic effects of concentrated sugar uptake into
leaf cells. Data from this study indicate that floral stems are more pre-disposed to leaf
blackening than vegetative stems after 3 days in darkness (Fig. 10A).

In addition,
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removal o f the flowerhead after the 24 h shipping period, or addition o f 0.5% sugar to
the vase solution, was of little benefit in delaying the appearance of leaf blackening
symptoms. In contrast, data from this study indicate that treatment o f floral stems with
a 24 h 20% pulse significantly reduces leaf blackening. In P. cvnaroides. Jones (1991)
reported reduced leaf blackening after a 20% pulse treatment during a 28-day storage
period followed by a 9-day vase life. Pulsing of P. neriifolia resulted in reduced leaf
blackening during the storage period, but inhibition was not maintained after storage.
Jones (1991) suggested that this treatment reduces leaf water loss during storage,
thereby protecting membrane integrity. Leaves may therefore avoid adverse osmotic
effects by rapid stomatal closure. However, comparison o f stomatal conductance
measurements in this study among all floral treatments indicate that the pulse treatment
did not induce stomatal closure. This suggests that limitation of the 20% sugar pulse
to 24 h, may account for the beneficial, rather than deleterious effects previously
observed when using high sucrose concentrations in the vase solution.
The carbohydrate profiles presented for each treatment substantially support the
link between rate of leaf blackening and carbohydrate concentration (Fig. 10A, 10B,
10C). Vegetative stems had less leaf blackening, and up until day 4, maintained higher
levels o f starch and sucrose than decapitated stems or those in 0.5% sugar solution.
Additionally, with the 20% sucrose pulse, starch and sucrose concentrations increased
on days 2 and 3 respectively, in response to supply of exogenous sugar, and also had
reduced leaf blackening. The rapid decline to low starch and sucrose concentrations
and correspondingly high rate o f leaf blackening in the decapitated stems and those in
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0.5% sugar solution, further supports the hypothesis that carbohydrate stress triggers
leaf blackening.

In all treatments, a substantial decrease in starch and sucrose

concentrations preceded the appearance of blackening symptoms.

Polygalatol is a

major component o f the soluble carbohydrate fraction in P. neriifolia. which, unlike
starch and sucrose, did not decline over the postharvest period (Fig. 10D). These data
indicate that polygalatol does not contribute to the carbohydrate metabolic pool and that
it is unavailable to the cut stem even under carbohydrate stress. Similar results were
found in P. eximia by Bieleski et al. (1992). They suggest that polygalatol may play a
role in osmotic buffering o f the cell in a dry habitat.
O f particular interest is the sharp drop in starch concentration for all treatments
during the first 24 h (Fig. 10B). In a previous study (McConchie et al., 1991), floral
stems placed in a vase solution containing 0.5% sugar under light, developed leaf
blackening on 2 % o f the leaves. In contrast, floral stems without an exogenous sugar
source developed 16.5% leaf blackening, despite placement under light. These data
suggest that the large drop in leaf carbohydrate concentrations so soon after harvest
initiates leaf blackening. Furthermore, removal of the flowerhead 24 h after harvest did
not delay leaf blackening, even though the inflorescence sink no longer existed. The
carbohydrate depletion that occurred immediately after harvest in this treatment, which
was not reversed in darkness, possibly led to early leaf blackening.

Starch

concentrations also decreased during shipping o f the pulsed stems; however, application
of the 24-h 20% sucrose pulse clearly resulted in a temporary increase in leaf
carbohydrate concentration during a period of flower opening. After stems were placed
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in the pulse solution, leaf sucrose concentrations increased above that measured before
harvest (Fig. IOC). Starch concentrations in pulsed stems showed a corresponding peak
24 h after completion o f the pulse treatment (Fig. 10B). The data suggest that sucrose
was taken up by the stem in excess of the sink demand and was subsequently partitioned
into starch reserves. We, therefore, suggest that leaf blackening in floral stems may be
induced during shipping and that it is irreversible unless stems are placed in light or are
provided with sufficient carbohydrate substrate.
Whitehead and de Swardt (1982) suggested that leaf blackening symptoms are
caused by oxidation o f polyphenols and leuco-anthocyanins, catalyzed by polyphenol
oxidase (PPO) and peroxidases (POD). PPO is a plastid enzyme (Vaughan and Duke,
1984), while phenols are sequestered in the vacuoles. Therefore, membrane disruption
must occur to allow phenolic substrates and PPO to come in contact. The hypothesis
that oxidative stress, caused by the metabolic imbalance o f depleted carbohydrates,
leads to the membrane degradation that may result in oxidation o f the phenols was
tested. Accordingly, it would be expected that concentrations of GSSG would increase
in stems o f treatments that developed greater leaf blackening in response to increased
oxidative stress. Instead, GSSG only increased significantly in the pulsed stems, which
had low levels o f leaf blackening (Table 3 and Fig. 10A). Thus, these data suggest that
the onset -of leaf blackening did not involve increased antioxidant activity by the
ascorbate-glutathione cycle. In addition to removal of free radicals, glutathione plays
a major role in enzyme induction, sulphur metabolism and gene expression
(Rennenberg, 1982; Alscher, 1989; Foyer, et al., 1991).

Therefore, increased
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carbohydrate substrate provided by the pulse may have resulted in increased metabolic
activity for maintenance and repair mechanisms, thereby placing increased reductive
demands on glutathione.
The data indicate that peroxidation of membranes

as determined by

malionaldehyde concentrations, did not differ among floral treatments or increase over
the 7-day postharvest period (Table 4); thus, membrane integrity did not appear to be
reduced.

Furthermore, lipid peroxidation was not related to the extent of leaf

blackening. Additional support for maintenance o f membrane integrity is indicated by
the respiration rate (Fig. 11), which was fairly constant after day 2, even though
blackening was well advanced in the decapitated stems and those in 0.5 % sugar solution
at the end of the postharvest period. This result suggests that mitochondrial membranes
remained intact during this time.
While the data in this study are consistent with the hypothesis that inflorescence
sink demand leads to substantial leaf starch and sucrose depletion within 24 h of
harvest, and subsequent leaf blackening of P. neriifolia. the physiological mechanisms
that permit oxidative enzymes and phenolic substrates to interact are yet to be resolved.
Leaves o f P. neriifolia contain the phenolic glycoside arbutin (Rheede van Oudtshoorn,
1963), which may be degraded when carbohydrates are depleted to release glucose and
free phenolics.

Peroxidases, which have been found in the vacuoles o f some plant

species (Boiler, 1982; Cassab and Varner, 1988; Thomas and Jen, 1980) could be
responsible for oxidation of the free phenolics, thus providing a possible mechanism for
leaf blackening to occur.
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CHAPTER 5

PO L Y PH E N O L OXIDASE AND PER O X ID A SE A C TIV ITY IN
PR O TEA SUSANNAE x COM PACTA ’P IN K IC E ’ UNDER
L IG H T AND D A R K PO STH A RV EST CO N D ITIO N S.
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Introduction
Premature leaf blackening in many cut flower Protea species seriously reduces
vase life and market value. When stems are held under dark postharvest conditions,
blackening symptoms can appear within 3 to 7 days after harvest (Jones, 1991;
McConchie et al., 1991, Beileski et al. 1992).

Induction of leaf blackening in P.

neriifolia (McConchie et a l., 1991) and P. eximia (Bieleski et al., 1992) has been
attributed to the substantial carbohydrate depletion that occurs in leaves after stems are
harvested. Preharvest leaf carbohydrate status does not appear to influence the rate of
leaf blackening, probably because the sink imposed by the inflorescence after harvest
is large relative to the amount of stored carbohydrate in leaves (McConchie and Lang,
1992a and 1992b). However, appearance of symptoms can be delayed by placement
of harvested stems under light (McConchie et al., 1991; Bieleski et al., 1992; Jones and
Clayton-Greene, 1992), or by addition of sucrose to the vase solution (Jones, 1991;
McConchie and Lang, 1992b).
It has been hypothesized that leaf blackening symptoms result from oxidation of
polyphenols and leucoanthocyanins by the enzymes polyphenol oxidase (PPO) and
peroxidase (POD) (Whitehead and de Swardt, 1982), and that substrate-enzyme
interaction occurs due to intracellular membrane disruption as a result of carbohydrate
depletion (Ferreira, 1986).

PPO appears to play a major role in the oxidation of

phenolic compounds that are normally sequestered in plant vacuoles (Vaughn and Duke,
1984; Mayer, 1987). In most higher plants PPO is located in the thylakoid membranes
of chloroplasts and remains latent until activated by wounding or senescence.
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Peroxidases have been found in vacuoles of some plants (Boiler and Kende, 1979; Grob
and Matile, 1980), and in the cell walls and intracellular spaces (van Huystee, 1987).
Peroxidases are believed to be involved in growth regulation and cell wall
strengthening, as well as to catalyze oxidation of phenolic compounds in the presence
o f hydrogen peroxide (H20 2) (van Huystee, 1987).
The role o f PPO and POD in leaf blackening in Protea remains unclear, because
the link between carbohydrate depletion and the physiological mechanisms responsible
for the visual symptoms associated with leaf blackening are unknown. Activity of both
enzymes increased over a 14-day postharvest period, although enzyme activity was not
associated with leaf blackening symptoms (Whitehead and de Swardt,

1982).

Additionally, low levels o f lipid peroxidation and apparent maintenance of the
ascorbate-glutathione antioxidant system in dark-held P. neriifolia leaves suggests that
membrane integrity is maintained as leaf blackening occurs (McConchie and Lang,
1992b), thus reducing the possibility of substrate-enzyme interaction. Therefore, the
involvement o f PPO and POD in the leaf blackening phenomenon in Protea requires
further investigation.
Here I report on leaf carbohydrate depletion, leaf blackening and the activity of
PPO and POD in leaves o f cut flower P. Susannae x compacta stems held under light
and dark conditions, over an 8-day postharvest period. Additionally, I measured total
phenolics to examine the involvement of substrate levels, and total chlorophyll and total
protein concentrations to examine the possible role of senescence in the leaf blackening
phenomenon.
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M aterials a n d M ethods
P lan t M aterial. Eighteen uniform floral stems o f Protea susannae x compacta ’Pink
Ice’ (ca. 40 cm in length, at soft tip maturity) were harvested from a commercial
plantation in Goleta, CA, in March, 1992. All stems were packed under standard cut
flower shipping conditions and air-freighted overnight to Baton Rouge, LA.

Stems

were re-cut on arrival, placed in 1-L deionized distilled water containing 50 ppm
hypochlorite, and were equally and randomly assigned to either a light treatment or a
dark treatment. Stems assigned to the light treatment were placed in a growth chamber
(Environmental Growth Chambers, Chagrin Falls, OH) at 25C ( ± 1C) with 12-h light
each 24 h period (PAR averaged 330 fim o l-m '^ s'1).

Stems assigned to the dark

treatment were placed in a similar growth chamber under 24-h darkness at 25C ( ± 1C).
In each treatment, 3 groups of 3 stems were divided randomly for analysis of
1) leaf blackening;

2) carbohydrates;

and 3) enzyme activity, plus total phenolic,

protein and chlorophyll concentrations. A visual assessment of the number of leaves
per stem with 10% or more blackened leaf area was recorded daily for 8 days.
Samples for all other analyses were taken at the same time every other day over the 8day period. Samples for carbohydrate analysis are described in the next section. To
assay for PPO and POD activity, as well as determine total phenolic, protein and
chlorophyll concentrations, 3 randomly selected leaves were removed, diced and mixed
to form a composite sample for each stem.

Each composite sample was weighed,

divided into 4 sub-samples (0.5 g each) and frozen (-80C). Leaf samples for enzyme,
carbohydrate, and total protein, phenolic and chlorophyll analyses were also taken
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preharvest and shipped in liquid N2 to Baton Rouge.

On arrival, the frozen leaf

samples were stored at -80C until used for analysis.
C a rb o h y d ra te A nalysis. To determine nonstructural carbohydrate concentrations, 4
leaf discs (ca. 0.15 g) were removed from 2 randomly selected leaves on each o f 3
stems from each treatment and were frozen (-80C). It was not possible to sample for
carbohydrate analysis on day 8 due to the extent (nearly 100%) of leaf blackening in
the dark-held stems.

Samples were lyophilized and then homogenized (Brinkmann

Polytron Homogenizer, Brinkmann Instruments, Westbury, NY) for 1 min in 3 mL
80% (v/v) ethanol. After centrifugation, the residue was extracted two additional times
with 2 mL portions o f 80% ethanol. The supernatants were combined and evaporated
to dryness according to the method o f Robbins and Pharr (1988).

Samples were

redissolved in 2 mL o f 80% ethanol, and soluble carbohydrates were determined using
high perform ance liquid chromatography (HPLC) as described by M cConchie and Lang
(1992b). Sugars were identified and quantified based on retention times and peak area
integration using the following standards: 0.4% polygalatol (1,5-anhydro-D-glucitol),
0.1% fructose, 0.1% glucose, 0.2% sucrose, and 0.1% maltose.
The pellet remaining from the soluble carbohydrate ethanolic extraction was used
for starch analysis. Starch concentrations were determined by enzymatic detection of
released glucose (Robbins and Pharr, 1988).
Polyphenol O xidase. To successfully assay PPO activity, it is necessary to rem ove the
high concentration o f phenolic substrates found in Protea species (Rheede van
Oudtshoom, 1963) that may interact with the enzyme (Smith and M ontgomery, 1985)
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as well as release it from the chloroplast membrane (Mayer and Harel, 1979; Vaughn
and Duke, 1984). Removal of phenolic compounds can be accomplished by washing
isolated chloroplast membranes with buffer containing ascorbic acid (Lax and Vaughn,
1991).

Solubilization o f chloroplast membranes by detergents (Sato and Hasegawa,

1976), fatty acids (Mayer and Harel, 1981), and trypsin (Tolbert, 1973) have been
reported to have the dual effect of releasing and activating the latent form of the
enzyme.

To establish an extraction and assay protocol for removal o f phenolic

substrates and release of PPO, chloroplast membranes were isolated from leaf tissue on
vegetative stems o f glasshouse-grown P. Susannae x compacta.

Leaf extracts were

prepared by homogenizing 0.5 g (f.w .) of diced leaves for 20 s in 5 mL ice-cold
grinding medium containing 50 mM Hepes/KOH (pH 7.6), 2 mM EDTA, 1 mM
MgCl2, 1 mM MnCl2, 330 mM sorbitol, and 5 mM sodium ascorbate. The polytron
generator and grinding tube were rinsed with 10 mL of grinding medium and the brei
was filtered through two layers of Miracloth. The extract was then centrifuged up to
5000 g and stopped immediately. The supernatant was discarded and the pellet was
rinsed twice to remove phenols. Grinding medium minus sodium ascorbate was used
for the second rinse so as not to interfere with the subsequent assay. The pellet was
resuspended in 200 fxL solubilization buffer (Webber et al, 1988) containing Triton X100 or SDS at 0% , 0.5% , 1%, 2% or 5% each and incubated on ice in the dark for 1
h with periodic mixing, followed by microfuge centrifugation (Microfuge E, Beckman
Instruments, San Ramon, CA) for 1 min. PPO activity was assayed at pH 7.2 (Vaughn
and Duke, 1981) and at pH 4.5, for which PPO activity has been reported in P.
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neriifolia (Whitehead and de Swardt, 1982). Optimum activity was obtained using 2%
SDS at pH 7.2 and pH 4.5 (data not shown); higher concentrations o f SDS released not
only PPO, but also chlorophylls, which interfered with the assay procedure.
Chlorophyll interference has also been noted by Sanchez-Ferrer et al. (1989). Triton
X-100 extracts yielded no enzyme activity at pH 7.2 or pH 4.5. Based on these results,
PPO was extracted as described for all treatment samples using 2% SDS.
Peroxidative oxidation of phenolics is often mistaken for PPO activity (Mayer
and Harel, 1979); thus, addition o f catalase to the reaction mix, to inhibit POD
indirectly by decomposing H20 2, may be necessary.

To distinguish between

measurement o f PPO and POD activity in a Protea chloroplast extract, PPO activity
was determined in the presence and absence of catalase by formation o f DOPAquinone
resulting from enzymatic oxidation o f DL-DOPA (Vaughn and Duke, 1981). A total
assay volume o f 1000 piL contained 25 mM dl-D O P A plus/minus catalase (420 U • 100

piL'1) in phosphate buffer (pH 7.2), and 50 (xL sample extract. Each assay was repeated
at pH 4.5 using phosphate buffer.

Control samples were boiled to determine if the

reaction was enzymatic. Change in absorbance at 490 nm (30C) was recorded over 5
min, and 1 unit o f activity represents a A&s490 • m in'1 x 103. Activity at pH 7.2 was
reduced by approximately 27% following catalase addition; however, catalase addition
at pH 4.5 did not lower activity (data not shown). The reported pH range for catalase
reactions in vitro is between 6.5 to 7.0 (Maehly and Chance,

1954); thus,

decomposition o f H20 2 by catalase may not have been effective at pH 4.5. Although
addition o f higher catalase concentrations at pH 4.5 failed to reduce activity (data not

90
shown), PPO activity for all treatment samples was assayed in the presence of catalase.
Peroxidase. POD activity was determined by homogenizing 0.5 g (f.w.) frozen leaf
tissue in a 6 mL ice-cold medium containing 50 mM sodium phosphate buffer (pH 7.0),
5 mM 2-mercaptoethanol, 2 mM DTT, 2 mM Na2-EDTA, 0.5 mM PMSF, 1% (w/v)
BSA, and 1% insoluble PVP, as described by Badiani et al. (1990). The homogenate
was filtered through two layers of Miracloth and centrifuged for 30 min at 37,000 g.
The supernatant was assayed for POD activity at pH 6.8 by measuring formation of
tetraguaiacol (Maehly and Chance, 1954), using guaiacol as the hydrogen donor. To
test whether the reaction was due to peroxidase, control assays contained catalase (420
U • 100 fjLr1). To determine if the reaction was enzymatic, sample extract was boiled
and assayed.
Chlorophyll, Total Protein and Total Phenolic D eterm ination. Total chlorophyll and
protein concentrations were determined using the methods of Arnon (1949) and
Bradford (1976), respectively. Total phenolics were determined as described by Swain
and Hillis (1959) with minor modification, using Folin Ciocalteau Phenol Reagent
(Sigma Chemical, St. Louis, MO). Phenols were extracted in 80% ethanol (v/v) and
diluted (1:400) prior to reaction with the Folin Ciocalteau Phenol Reagent to obtain an
absorbance reading within the range of standards (0-100 pg caffeic acid 'm L '1). Total
phenolic concentration was determined from a standard curve generated using caffeic
acid.
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Statistical Analysis. Data sets were analyzed as a repeated measures design (Milliken
and Johnson, 1984). Samples for carbohydrate and enzyme analyses were taken on day
0,1,2,4,6, and 8 . Leaf blackening was recorded daily for 8 days. All analyses were
performed using the SAS statistical package (SAS Institute, Cary, NC).
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Results
Leaf blackening under dark postharvest conditions proceeded rapidly after day
3, approaching 100% by day 8 (Fig. 12). In contrast, leaf blackening in the light
treatment did not appear until after day 7. The substantial difference in rate of leaf
blackening between light and dark treatments is consistent with previous results
(McConchie et al., 1991; McConchie and Lang, 1992a and 1992b).
Leaf starch concentrations in both light and dark treatments dropped dramatically
(ca. 58%) during the 24-h dark shipping period immediately after harvest (Fig. 13A).
By day 4, in dark treatment stems, leaf starch had declined by 88% of the original
amount. Leaf starch concentrations from the light-held stems declined similarly, but
more gradually. By day 6, both treatments had low concentrations of starch.
The major leaf soluble carbohydrates were the sugar alcohol polygalatol (1,5anhydro-D-glucitol) and sucrose (Fig. 13B).

Concentrations of polygalatol were

approximately 4 times higher than sucrose concentrations throughout the postharvest
period, but did not differ between light and dark treatments. In the dark-held stems,
sucrose concentration declined to near zero on day 4, which coincided with the rapid
appearance of leaf blackening symptoms.

In contrast, in the light-held stems,

concentrations of sucrose were maintained before declining on day 8 (Fig. 13B), which
also coincided with the rapid appearance of leaf blackening in that treatment (Fig. 12).

93

100

Initiation of Postharvest
Treatments

% Leaves

Black

80

60

40

20

A

Day

F igure 12. Percent leaves with 10% or more area blackened on cut floral stems o f
P rotea Susannae x com pacta held at 25C ( ± 1C) under 12 h light each 24 h period
( □ ) , o r 24 h darkness ( ■ ) . Bars indicate the SE of means (n = 3 ).
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Figure 13. Changes in leaf starch concentration (A) and leaf soluble sugar concentration
(B) from Protea Susannae x compacta cut flower stems at harvest (day 0), after a 24-h
shipping period (day 1), and held at 25C ( ± 1C) in 12-h light each 24-h period ( □ ) ,
or 24 h darkness ( ■ ) (days 2-8). Vertical lines equal 1 SE (n= 3). Bars smaller than
symbols are not shown.
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N o activity was detected for PPO (pH 4.5 and pH 7.2) in control assays using
boiled extract (data not shown). In the presence o f catalase, PPO activity at pH 4.5
ranged from approximately 5 to 20 times the activity at pH 7.2 for both light and dark
treatm ents (Figs. 14A and 14B). There was no difference in PPO activity at pH 4.5
between the light- and dark-held stems. In contrast, PPO activity at pH 7.2 increased
linearly with tim e in the light treatment (Fig. 14B).

By the end o f the postharvest

period, PPO activity in this treatment was about 10 times the activity measured at
harvest (day 0). Although PPO activity at pH 7.2 increased sharply in the dark-held
stems through day 2, it declined thereafter until, by the end o f the postharvest period,
activity was lower than that measured in the light treatm ent (Fig. 14B).
N o POD activity was detected using control assays with addition o f catalase to
the reaction mix or use o f boiled extract (data not shown).

POD activity declined

approximately 30% during shipping (Fig. 15); however, activity in the light-held stems
continued to decline through day 6. POD activity in the dark-held stems was
significantly higher than in light-held stems on day 4, coincident with the onset o f leaf
blackening symptoms in the dark-held stems (Fig. 12).
Total leaf phenolic content was measured to determ ine possible changes in PPO
and

PO D

substrate

concentration

over

the

postharvest

interval

(Fig.

16).

Concentrations o f total phenolics were sim ilar for both light- and dark-held stems
through day 2, after which phenolic concentrations increased linearly in the dark-held
stems, w hile rem aining essentially unchanged in light-held stems.
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Figure 14. Changes in leaf polyphenol oxidase activity assayed at pH 4.5 (A) and pH
7.2 (B) from Protea Susannae x compacta cut flow er stems at harvest (day 0), after a
24-h shipping period (day 1), and held at 25C ( ± 1C) in 12-h light each 24-h period
( □ ) , o r 24 h darkness ( ■ ) (days 2-8). Vertical lines equal 1 s e (n = 3 ). Bars smaller
than symbols are not shown.
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F igure 15. Changes in leaf peroxidase activity (Units *g fresh weight:1) from Protea
Susannae x compacta cut flower stems at harvest (day 0), after a 24-h shipping period
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shown.
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F igure 16. Changes in total leaf phenolic concentration from Protea Susannae x
com pacta cut flow er stems at harvest (day 0), after a 24-h shipping period (day 1), and
held at 25C ( ± 1C) in 12-h light each 24-h period ( □ ) , or 24 h darkness (■ ) (days 28 ). Vertical lines equal 1 SE (n= 3). Bars smaller than symbols are not shown.
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Phenolic concentrations in the dark treatment w ere about 30% higher than in the light
treatment by day 6, a trend which continued through day 8.
Tw o biochemical indicators used to measure the onset o f senescence include
decreases in total protein and chlorophyll (Thompson, 1988).

Total chlorophyll in

leaves o f both light- and dark-held stems did not change significantly over the 8-day
postharvest period (Table 5). Similarly, protein concentration in both light- and darkheld stems remained fairly constant over the postharvest interval (Table 5).
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Table 5. Changes in total leaf chlorophyll and total leaf protein concentration (mg *g
fresh w eight'1) from Protea Susannae x compacta cut flower stems at harvest (day 0),
after a 24-h shipping period (day 1) and held at 25C ( ± 1C) in 12-h light each 24 h
period o r 24 h darkness (days 2-8).

Light

Dark

Day

Chlorophyll
Protein
(mg • g fw 1)

Chlorophyll
Protein
(mg* g fw’1)

0

1.43 ± 0.12

13.12 ± 0.8

1.35 ± 0.07

14.60 ± 0.1

1

1.27 ± 0.15

14.00 ± 0.1

1.58 ± 0.02

15.59 ± 1.9

Pretreatment

Initiation of Postharvest
Treatments
2

1.41 ± 0.10

12.42 ± 1 . 1

1.41 ± 0.02

13.02 ± 1.0

4

1.48 ± 0.10

13.42 ± 0.4

1.57 ± 0.03

12.63 ± 0.2

6

1.52 ± 0.06

12.70 ± 0.2

1.63 ± 0.13

13.29 ± 0.7

8

1.49 ± 0.08

13.22 ± 0.6

1.57 ± 0.13

12.76 ± 0.5

Each datum represents the mean ±

SE

of three replications.
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Discussion

In previous studies (M cConchie et., 1991; M cConchie and Lang, 1992b), the
data demonstrated that P. neriifolia leaf blackening can be delayed by lighted
postharvest conditions, probably due to photosynthetic activity contributing to the
carbohydrate pool. In this study using P. Susannae x com pacta. the results confirm that
starch and sucrose concentrations in dark-held stems decline quickly and that leaf
blackening symptoms develop soon afterward (Figs. 12, 13A and 13B). Flow ers are
harvested ju st before full maturity; therefore, inflorescence sink demand is greatest
early in the postharvest period during completion o f floral development (M cConchie et
al., 1991). In light-held stems, photoassimilates and storage reserves are partitioned
into transport carbohydrates; however, as the flow er senesces, assimilate export rate
decreases from leaves and photoassimilates are partitioned into starch (M cConchie et
al., 1991). Even though light- and dark-held stems displayed a sim ilar pattern o f starch
loss to low concentrations by day 6, the light-held stems maintained higher
concentrations earlier in the postharvest interval (when sink demand is greatest) due to
the contribution o f photoassimilates (Fig. 13A). The decrease in sucrose concentration
in dark-held stems (Fig. 13B) reflects the decline to a low starch threshold between
days 2 and 4, since starch was unavailable for hydrolysis to sucrose for export to the
inflorescence sink.

Thus, there may be a lag time between reaching a low storage

carbohydrate threshold and appearance o f leaf blackening symptoms.
W hitehead and de Swardt (1982) first reported PPO activity in P rotea, and has
been widely accepted as evidence that PPO and leaf blackening are closely related.
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However, the present experiment suggests that PPO activity is not directly related to
the appearance o f leaf blackening symptoms in P. Susannae x compacta. First, PPO
activity at pH 4.5 was very similar between light- and dark-held stems (Fig. 14A).
Second, PPO activity in dark-held leaves did not correlate with leaf blackening (Fig.
14B). Third, despite the low incidence of leaf blackening in the light-held stems (Fig.
12), PPO activity at pH 7.2 increased linearly, up to 10-fold during the postharvest
period (Fig. 14B). The data of Whitehead and de Swardt (1982) is, in fact, similar to
that presented here, because the increased PPO activity they reported occurred in lightheld leaves that did not blacken.
senescence processes.

They attributed increased enzyme activity to

Indeed, PPO activity has been reported to increase during

senescence (Meyer and Biehl, 1981; Spencer and Titus, 1972), in a species-specific
manner (Patra and M ishra, 1979). Although Whitehead and de Swardt (1982) reported
slightly increased protein concentrations, data presented here fails to support the
occurrence o f senescence during the experimental postharvest period.

Based on

maintenance o f chlorophyll and protein concentrations (Table 5), the only increase in
PPO activity occurred in non-senescing leaves under lighted postharvest conditions.
The reason for increased PPO activity in the light-held stems is unclear. Lack
o f chlorophyll degradation in both light and dark treatments indicates that chloroplasts
probably remained intact prior to the appearance of leaf blackening symptoms. This
would further suggest that PPO remained in the chloroplast, separate from phenolic
substrates, and was not responsible for initial leaf blackening symptoms. Furthermore,
the maintenance o f chlorophyll and protein levels (Table 5), and continued leaf
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respiration plus lack o f significant lipid peroxidation in dark-held stems (McConchie
and Lang, 1992b), collectively suggests that membrane degradation does not precede
the appearance of leaf blackening symptoms in Protea leaves.

Finally, the rapid

appearance in leaf blackening symptoms on day 4 in dark-held stems (Fig. 12)
coincided with a sharp decrease in PPO activity at pH 7.2 (Fig. 14B), indicating that
an increase in PPO activity is not required for leaf blackening. Although experimental
methods differ between the Whitehead and de Swardt (1982) experiment and this study,
neither study conclusively supports the involvement of PPO in leaf blackening.
Changes in POD activity coincident with the appearance of leaf blackening
suggests that POD may be involved in the visual symptoms initiated by exposure to
continuous darkness (Figs. 12 and 15). Additionally, in contrast to Whitehead and de
Swardt (1982), who reported a 5-fold increase in POD activity in unblackened leaves,
the data presented here suggests that low POD activity coincides with reduced incidence
o f leaf blackening in the light-held stems (Figs. 12 and 15). Whitehead and de Swardt
(1982) do not report use o f a control or specific inhibitor of POD; therefore, it is
difficult to verify whether PPO or POD activity was being measured. It appears that
POD may be more likely to be involved in leaf blackening than PPO.
Peroxidases are categorized into basic and acidic isozymes, and have been
associated with mechanical injury and environmental stress responses involving cell wall
metabolism and intracellular transport (Gaspar et al., 1985). Under stress conditions,
acidic peroxidase activity is reported to be involved in cell wall strengthening and lignin
synthesis (Lagrimini, 1992), while basic isozymes are actively secreted from the

vacuole under intracellular Ca2+ control (Gaspar et al., 1985). Furthermore, stress
responses may also include phenolic substrate deposition at the cell wall as a result of
de novo synthesis (Hahlbrock and Scheel, 1989), and release of polyphenols from the
vacuole (Lagrimini, 1992).

Thus, leaf blackening symptoms may be enhanced by

polyphenol synthesis and/or transport from the vacuole in conjunction with increased
peroxidase activity.

Indeed, under dark postharvest conditions that led to leaf

blackening, total phenolics increased in P. Susannae x compacta (Fig.

16).

Additionally, leaves of Protea species contain glycosylated phenolic compounds (Rheede
van Oudtshoorn, 1963) that may be cleaved under periods of carbohydrate stress (Dey
and Dixon, 1985), releasing glucose for carbohydrate metabolism and increasing the
concentration o f free phenolics available for oxidation.

The lack of evidence of

membrane collapse (and consequent release of PPO from the chloroplast), coupled with
higher POD activity in dark-held stems coincident with the onset of leaf blackening,
suggests that blackening

symptoms may involve increases in both phenolic

concentrations and peroxidase activity.

Microscopic examination of leaf cells as

blackening develops may provide further information on which enzymes are responsible
and where they are localized.
It is now clear that the Protea leaf blackening phenomenon is very complex,
involving a cascade of events that may begin with carbohydrate depletion and eventually
lead to interaction o f phenolic substrates and oxidative enzymes. Although it has been
hypothesized that decreased leaf carbohydrate status results in membrane disruption due
to hydrolysis of membrane-bound macromolecules (Ferreira, 1986), there is no
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evidence o f membrane disruption prior to the onset of leaf blackening (McConchie and
Lang, 1992b). The immature Protea inflorescence stem represents a substantial sink
that causes the majority o f leaf starch reserves to be depleted within 24 h of harvest
(Fig. 13A) (McConchie et al., 1991; McConchie and Lang, 1992b).

An alternative

hypothesis might consider that, because starch has minimal osmotic activity (Setter,
1990), the rapid rate of starch hydrolysis in response to this sink demand may impose
adverse osmotic stress on leaf cells.

It has been suggested that the sugar alcohol,

polygalatol, may be involved in cellular osmotic adjustment during stress, since it does
not decline under depleted carbohydrate conditions (McConchie and Lang, 1992b;
Bieleski et al., 1992), as would be expected if it were involved in growth and
maintenance metabolism (Cheeseman, 1988). Instead, concentrations either increase
slightly or remain stable (Fig. 13B) (Bieleski et al., 1992; McConchie and Lang,
1992b, McConchie et al., 1991). Thus, maintenance of high polygalatol concentrations,
which are several times greater than sucrose concentration both preharvest (McConchie
and Lang, 1992a) and postharvest (Fig, 13B), appears to be important under depleted
carbohydrate conditions. In response to rapid starch hydrolysis and subsequent sucrose
translocation to the inflorescence, polygalatol synthesis may form a secondary
competitive sink for leaf carbohydrate pools to stabilize the altered osmotic status of the
cell. Under such conditions of osmotic stress and carbohydrate depletion, and lacking
evidence o f sequential cellular deterioration or senescence, it might be hypothesized that
a catastrophic cellular response occurs, to bring together increasing concentrations of
polyphenols (Hahlbrock and Scheel, 1989) and active POD (Gaspar et al., 1985).
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resulting in leaf blackening.

The physiology o f such a carbohydrate-related cellular

stress and its manifestation in cellular blackening remains to be elucidated.
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CHAPTER 6

SUMMARY AND PROSPECTUS
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Carbohydrate metabolism and partitioning in relation to the postharvest disorder
o f leaf blackening were investigated in selected cut flower Protea species.

Possible

mechanisms o f membrane disruption, which would allow oxidative enzymes and
polyphenol substrates to interact, were examined during the postharvest interval.
Activities o f the oxidative enzymes, polyphenol oxidase (PPO) and peroxidases (POD),
were also investigated in relation to substrate concentration and the appearance o f leaf
blackening symptoms.
Results from these experiments suggest that carbohydrate depletion from leaves
on cut Protea stems triggers the processes leading to leaf blackening symptoms
(Chapters 2, 4 and 5). The major nonstructural carbohydrates were starch, the sugar
alcohol polygalatol (1,5-anhydro-D-glucitol), and sucrose.

Under dark postharvest

conditions, leaf starch and sucrose concentrations diminished rapidly after harvest, with
the greatest loss occurring within 24 h o f harvest (Chapters 4 and 5). Concentrations
o f polygalatol remained fairly constant or increased over the postharvest interval, which
suggests it is unavailable for metabolism during periods of carbohydrate stress
(Chapters 2, 4 and 5).
Leaf blackening was delayed when stems were placed under lighted postharvest
conditions, probably due to the contribution o f photosynthesis to the leaf carbohydrate
pool (Chapter 2).

Alteration of the floral sink demand under lighted postharvest

conditions influenced the partitioning of assimilates. As the flowerhead developed and
expanded, fixed carbon was partitioned into sucrose for export; however, when the
flowerhead senesced, assimilates were partitioned into storage reserves.

Carbon
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exchange rate (CER) on uncut stems does not appear to be regulated by sink strength
(Chapter 3).

Comparison o f uncut floral and vegetative stems of P. neriifolia. P.

Susannae x compacta and P. eximia suggests that presence of a strong inflorescence
sink does not increase CER or concentrations of nonstructural carbohydrates (Chapter
3). Carbon exchange rate was very low in the three species examined and below rates
usually observed in C3 plants acclimated to dry habitats. Low CER in P. Susannae x
compacta and P. eximia. in particular, was probably due to closure o f the stomates
during the photoperiod, a response that was later confirmed on glasshouse-grown
vegetative stems o f P. Susannae x compacta (Appendix 1).

Interestingly, stomates

opened at night, which suggests that some Protea species may be CAM or facultative
CAM plants. This may provide a possible explanation for daytime CER not appearing
to be directly influenced by inflorescence sink strength on uncut stems.
The rate o f postharvest mobilization of starch and transport of sucrose from
leaves o f Protea neriifolia does appear to be influenced by floral sink demand (Chapter
4). Leaves o f vegetative stems maintained higher levels o f starch and sucrose earlier
in the postharvest period and had reduced leaf blackening, when compared with leaves
on floral stems, despite addition of 0.5% sugar to the vase solution. Decapitation of
the flowerhead 24 h after harvest did not delay leaf blackening or depletion o f starch
and sucrose, due to the substantial carbohydrate loss which occurred during the 24-h
dark shipping period while the flower was still attached (Chapter 4). Stems on which
the flowerhead remained also lost substantial carbohydrate reserves immediately after
harvest; however, placement o f stems in a 24 h 20% sugar pulse had the dual effect of
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reducing the appearance o f leaf blackening symptoms and contributing to the
carbohydrate pool (Chapter 4). Therefore, unless stems were provided with sufficient
carbohydrate substrate (Chapter 4) or placed under lighted postharvest conditions
(Chapter 2), leaf blackening developed rapidly.
Although substantial depletion o f leaf sucrose and starch occurred in harvested
dark-held stems, a small pool remained in the leaves even after the onset of leaf
blackening (Chapter 2, 4 and 5). It appears unlikely, then, that membranes would be
hydrolysed to provide further substrate for the flowerhead. Instead, the hypothesis that
free radical damage and reduced antioxidant status, due to a metabolic imbalance caused
by carbohydrate depletion, led to membrane disruption was tested (Chapter 4).
Concentrations o f oxidized glutathione in blackened stems were no higher than in stems
with reduced leaf blackening. Thus, the ascorbate-glutathione antioxidant system was
maintained prior to appearance o f leaf blackening symptoms.

Extensive lipid

peroxidation, as determined by malionaldehyde concentrations, was not observed in
leaves from flow er stems which developed leaf blackening symptoms. M aintenance of
membrane integrity was also indicated by continued leaf respiration, albeit low, during
the postharvest period.

These results suggested that membrane disruption via free

radical damage did not precede appearance of leaf blackening symptoms (Chapter 4).
Comparison o f PPO and POD activities under light and dark postharvest
conditions suggested that PPO may not be the enzyme responsible for the initial
appearance o f leaf blackening symptoms (Chapter 5). Increased PPO activity was not
associated with blackening symptoms; however, the slightly increased POD activity
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coincided with the appearance of leaf blackening.

Additionally, maintenance o f

chlorophyll concentrations in light- and dark-held stems over the postharvest interval
suggested that chloroplasts remained intact, and that PPO-substrate interaction did not
occur. Concentrations o f phenolic substrates in the dark-held stems were higher by the
end of the postharvest period than in light-held stems.
The present experiments lay a foundation for future work which may clarify the
relationship between leaf carbohydrate depletion and the type of stress it imposes which
result in leaf blackening. Leaf blackening in Protea species appears to be a complex
phenomenon involving a cascade of events that eventually leads to interaction of
oxidative enzymes and phenolic substrates. Senescence processes do not appear to be
part of the leaf blackening process. Therefore, future studies need to focus on how
carbohydrate depletion imposes osmotic cell stress and how this leads to leaf
blackening.

Microscopic examination of the cells as leaf blackening develops may

indicate the intercellular location in which blackening symptoms first appear, and
whether there are concurrent membrane changes. Localization of blackening symptoms
may also provide additional information on which enzymes are responsible for visual
symptoms. For example, localized blackening at the cell wall and intercellular spaces
may indicate POD involvement due to the presence of acidic POD isozymes (Chapter
5).

Cytoplasmic blackening may suggest phenolic transport from the vacuole or de

novo synthesis and subsequent oxidation by basic POD isozymes. Alternatively, PPO
involvement in oxidative processes could be clarified by examination of chloroplast
membrane integrity.
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Protea species contain many phenolic glycosides which may be cleaved under
carbohydrate stress conditions to release free phenolics and glucose in the vacuole
and/or cytoplasm. Measurement of Jl-glucosidase activity, the enzymes which cleave
phenolic glycosides, may indicate whether the increase in total phenolics observed under
dark conditions, was a result of de novo synthesis or cleavage of phenolic glycosides.
Additionally, investigation of which phenolic substrates increase under dark conditions
may clarify the role of phenolic glycosides in Protea leaf blackening.
Experiments which closely define the role of the sugar alcohol, polygalatol, may
provide answers to the question of whether carbohydrate depletion causes severe
osmotic stress in the cell. The high concentrations found in sink tissue and leaves held
in the dark, coupled with its unavailability during carbohydrate stress, seems to indicate
an osmotic adjustment role. In response to rapid translocation of starch and sucrose to
the inflorescence, polygalatol synthesis may form a secondary competitive sink for leaf
carbohydrate pools in an attempt to stabilize the altered osmotic status o f the cell.
Increased osmotic stress may result from the lack of available substrate to synthesize
polygalatol for osmoregulation and hence, lead to leaf blackening.
The possibility o f Protea species being CAM or facultative CAM plants may
have implications for understanding the leaf blackening process. CAM plants fix C 0 2
into malic acid (a C4 acid stored in the vacuole) in the dark when stomates are open.
In the light, when stomates are closed, the C4 acid is decarboxylated and C 0 2 is refixed
via the RuBP pathway, resulting in starch and sucrose formation. CAM plants are,
therefore, well adapted to arid environments by avoiding water loss through stomatal
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closure during the day.

Placement of cut Protea stems in continuous darkness may

interfere with the night-day cycle of acidification and deacidification processes,
resulting in decreased deacidification and consequently decreased starch and sucrose
formation. Additionally, high concentrations of malic acid for prolonged dark periods
may affect the osmotic adjustment capacity of the cell, which may result in membrane
rupture. Therefore, investigation of the carbon fixing mode utilized by Protea species
prone to leaf blackening may explain the observed low CER and stomatal conductance
and, most importantly, the involvement of carbohydrate metabolism in the leaf
blackening process.
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Appendix. Average photosynthetically active radiation, temperature, photosynthetic rate
and stomatal conductance measured on leaves from the third and sixth phyllotactic
division on stems o f vegetative glass-house grown plants of Protea Susannae x compacta
cv. ’Pink Ice’. The dotted line represents measurements taken on plants held under
field conditions and the solid line represents measurements taken on plants held in a
grow th cham ber (25C ± 1C) under 12 h light from 0800 to 2000 H.
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